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Nanochemistry is the utilization of synthetic chemistry to make nanoscale 
building blocks of different size and shape, composition and surface struc-
ture, charge and functionality. These building blocks can be useful in a 
self-assembly processes, forming architectures for intelligent functions.[1] 
Nanomaterials are cornerstones of nanoscience and nanotechnology. The 
nature of all nanomaterials is diverse. One of the most important classes of 
the nanomaterials is nanoparticles (NPs) which are very attractive for appli-
cation in different fi elds of nanotechnology. To assure effi cient applicability 
of the NPs they should be, as a rule, dispersible in desired media (solvent).
Water-soluble functional NPs are indispensable for various biomedical appli-
cations, including imaging of cellular and subcellular structures or cell labe-
ling, drug delivery, diagnostics and therapy of tumour diseases. However, 
the controllable and reproducible synthesis of monodisperse, robust and 
functional NPs compatible with aqueous media is challenging. Indeed a 
lot of reliable synthetic methods available for noble metal, semiconductor 
quantum dot (QD), and magnetic oxide NPs have been developed for non-
polar organic media. To be stable in this synthetic media, the NPs possess 
hydrophobic surfactant coating. Because water solubilization and func-
tionalization of NPs are the key issues determining their bio-application, 
the design of surface coating becomes a signifi cant research fi eld.[2, 3] 
The proper designed coating should help not only to convert hydrophobic 
NPs into hydrophilic water soluble materials, but also introduce demanded 
specifi c chemical functionality onto the particle surface, so that different 
(bio)molecules can be covalently attached. Moreover, proper designed sur-
face of NPs may allow controllable electrostatic and/or coordination cou-
pling to surfaces of other particles or to biosystems.
In spite of great research interest to the surface design and hydrophilisation 
of the NPs, efforts to obtain NPs intrinsically soluble and stable in both aque-
ous and nonpolar organics are limited. Even fewer success is achieved to 
date in the one-pot synthesis of such intrinsically amphiphilic NPs.
Nanocrystals of metals, semiconductors and oxides are intensively studied by 
various research groups. They are of a great interest in many fi elds because 
of their attractive electronic, optical, magnetic and chemical properties. 
Some of these properties may be also signifi cantly size-dependent.
1. INTRODUCTION AND MOTIVATION
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1. INTRODUCTION AND MOTIVATION
Optical properties of nanomaterials are essential for detection, lasing, imag-
ing, lighting, and give rise their potential application in optoelectronics, pho-
tovoltaics, photocatalysis, etc. Biomedical detection and treatment based 
on optical properties of nanomaterials is another area of fast growth. E.g., 
gold nanoparticles are effective for in vitro and in vivo cancer imaging and 
treatment,[4] semiconductor quantum dots have been successfully used for 
bioimaging in vivo.[5]
Magnetic properties are used for magnetoseparation, in magnetic storage 
media, have proven to be especially promising in molecular biology and 
medicine in magnetothermal therapy and as contrast agents.[6]
There are many points of interaction between nanoscience and biological 
sciences. Enzymes, motors, membranes, nucleic acids - different biological 
systems which are able to include in their structure nanosized particles. The 
colloidal NPs have the size of a typical protein. They could be used for labe-
ling not only the biomolecules, but also much larger bioobjects like cancer 
cells and tumour cell cultures.
In present work successful attempts to amphiphilize such widely used and 
important materials as luminescent CdTe QDs, surface plasmon tunable Au 
NPs and magnetic Fe3O4 NPs are demonstrated. In spite of the diversity of 
the materials, all developed methods are based on so named “one-pot” 
synthetic approach. Moreover, they deliver nanoparticles being intrinsically 
amphiphilic, i.e. able for spontaneous phase transfer without any additional 
adjustment of solvent properties.
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Colloidal inorganic nanoparticles are very small, nanoscale objects dis-
persed in a solvent. Nanoparticles possess a number of different very attrac-
tive properties such as high electron density and strong optical absorption 
(e.g. metal and semiconductor particles), photoluminescence in the form of 
fl uorescence (semiconductor quantum dots) or phosphorescence (doped 
oxide materials), or magnetic moment (e.g. iron oxide, cobalt, etc.).
Prerequisite for every possible application is the proper surface functional-
ization of such nanoparticles, which determines their interaction with the 
environment. These interactions ultimately affect the colloidal stability of the 
particles, and may yield a controlled assembly or the delivery of nanopar-
ticles to a target, e.g. by appropriate functional molecules on the particle 
surface.
There are different strategies of surface modifi cation, functionalization and 
ligand exchange which are necessary for phase transfer of inorganic col-
loidal nanoparticles. These strategies are often of general nature and may 
be applied in similar way to various nanoparticle types.
2. LITERATURE OVERVIEW
2.1. General strategies of nanoparticles solubilization
Colloidal semiconductor, metal, metal oxide nanocrystals are composed of 
a core, constituted of between a few hundred and a few thousand atoms, 
surrounded by an organic outer layer of surfactant molecules (ligands).
One of the most important parameters controllable in the colloidal synthetic 
approach is particles’ surface coverage protecting them from surrounding 
environment and preventing their aggregation. The surface agents deter-
mine the solubility of colloidal particles and their compatibility with disper-
sive medium, what is important for their processing, assembly etc. In this 
respect, an ideal stabilizer would provide solubility and compatibility of nan-
oparticles with various media from polar to nonpolar. Usually, NPs capped 
by some certain stabilizer are compatible with compounds of similar nature 
(via polar-polar or nonpolar-nonpolar interactions), that limits range of their 
applicability. In order to make nanoparticles compatible with different 
medium media various stabilizer exchange techniques are employed for 
their phase transfer. These methods have been reported for transfer of semi-
conductor CdTe nanocrystals synthesized in aqueous solution into organics 
[7, 8] and in the opposite direction, [9] CdSe [10] and PbSe [11] from organics 
into water, for transport of Au, Ag, Pt, Pd nanocrystals from organic to aque-
ous media,[12, 13] as well as of iron oxide NPs by ligand exchange [14] and 
by polymer stabilizer adjustment [15].
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Figure 1. A nanoparticle of 5 nm core diameter with different hydrophobic ligand 
molecules both drawn to scale. Left to right: trioctylphosphine oxide (TOPO), triphe-
nylphosphine (TPP), dodecanethiol (DDT), tetraoctylammonium bromide (TOAB) 
and oleic acid (OA). [16]
Commonly used solubilization strategies include:
1. Direct solubilization in a synthesis
2. Ligand exchange
3. Ligand shell modifi cation:
a) chemical modifi cation
b) physical modifi cation 
Depending on the reaction media as synthesized nanoparticles may bare 
on the surface hydrophobic or hydrophilic ligand molecules, the most typi-
cal representatives of which are displayed in Figures 1 and 2, respectively.
Figure 2. A nanoparticle of 5 nm core diameter with different hydrophilic ligand 
molecules drawn to scale. Left to right: mercaptoacetic acid (MAA), mercapto-
propionic acid (MPA), mercaptoundecanoic acid (MUA), mercaptosuccinic acid 
(MSA), dihydrolipoic acid (DHLA), bis-sulphonated triphenylphosphine, mPEG5-SH, 
mPEG45-SH (2000 g mol-1) and a short pentapeptide of the sequence CALNN. [16]
Hydrophobic/Hydrophilic Switchable Nanoparticles for Bioimaging 11
2. LITERATURE OVERVIEW
Figure 3. Different strategies for phase transfer of nanoparticles.
Ligand exchange: a. the incoming ligand has one head group binding to the nano-
particles surface (fi lled circles), the other end (empty circles) is e.g. hydrophilic.
Ligand modifi cation by additional solubilizing layer: b. Additional layer of ligand 
molecules adsorbing e.g. by hydrophobic interaction. c. Amphiphilic polymer with 
hydrophobic side chains and a hydrophilic backbone (strong black). Adapted with 
modifi cation from [16].
Surface modifi cation becomes necessary if the desired particle type cannot 
be directly synthesized with the corresponding ligand on the surface. How-
ever, proper surface modifi cation is often challenging task and should be 
very carefully approached: even slight changes of surface of quantum dots 
may seriously deteriorates their physical properties. In general, for phase 
transfer in both directions, there are two main strategies: ligand exchange 
and ligand modifi cation (Figure 3).[16] Since the binding of a ligand depends 
strongly on the chemical composition of the nanocrystal surface, and for 
successful exchange the hydrophilic ligand has to bind more strongly than 
the hydrophobic one, there exists no general protocol for hydrophobic-
hydrophilic phase transfer that may work for any type of nanocrystals.
The fi rst strategy of the surface modifi cation (route a in Fig. 3) is based on 
the exchange of the original organic layer with hydrophilic ligands,[17, 18] 
bifunctional capping molecules [18] or an inorganic coating such as silica 
and metal chalcogenides.[2, 19-21]
The second approach consists of incorporating hydrophobic nanoparticles 
into amphiphilic micelles, leading to a connected closely bilayer (Fig. 3b, c). 
[3, 22, 23] Surfactants, such as phospholipids and R-cyclodextrin, are one 
example of such encapsulants, and they can successfully transfer nanocrys-
tals into pure water. However, often nanoparticulate materials are not gen-
erally stable in biological conditions because of a relatively weak anchoring 
of the hydrophobic tails to the particle. Additionally, the hydrophilic end 
groups of even biocompatible surfactants may not protect nanocrystals 
from nonspecifi c biomolecular interactions.[23-25] 
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Using amphiphilic polymers to encapsulate nanocrystals through hydropho-
bic interactions is one of the useful extensions of the second strategy. Indeed, 
with the aid of this approach the problems of additional functionalization for 
selective solubilization can be overcome, since amphiphilic polymers offer 
more options for tailoring both the hydrophobic and hydrophilic interac-
tions between particles and their coatings.[3, 5, 26] The external function-
ality of the nanocrystal-polymer assembly can be widely varied through 
the introduction of different amphiphilic moieties. Though promising for coat-
ing nanocrystals, amphiphilic polymers containing hydrophobic tails most 
appropriate to particle stabilization are not available commercially. A few 
examples of their use to date have relied on coupling schemes that use 
reactive end groups (-SH, -NH2) found only on a limited and expensive set 
of polymers [26, 27]. As a result, the range of amphiphilic polymers for creat-
ing stable and non-aggregating nanocrystals in biological conditions is rela-
tively limited.
To fully explore the structure and optimize amphiphilic polymers for nanoc-
rystal stabilization, simple methods to design amphiphilic polymers through 
coupling of single component hydrophobic and hydrophilic constituents are 
required. The incorporation of poly(ethylene glycol) (PEG) into the surface 
coatings is of particular interest for biocompatibility.[5, 25, 28] Nanocrystals 
possessing PEG-functionalized exteriors exhibit generally much less toxicity 
and longer circulation time than water-soluble nanocrystals covered by other 
hydrophilic ligands.[29-31] A few schemes for producing such materials require 
the use of derived PEG polymers such as mPEG-NH2 (primary amino group 
terminated poly(ethylene glycol) methyl ether) or PEG-SH.[25, 28, 32-34] 
Following chapters demonstrate applications of the solubilization strategies for 
each type of nanoparticles: semiconductor, metal and magnetic materials.
2.2. Quantum dots
Nanoscale materials, having optical properties which in particular differ 
greatly from the corresponding molecular and bulk materials, are also 
known as quantum dots (QDs). Their small size results in an observable quan-
tum-confi nement effect, defi ned by Bohr radius of the material and leading 
to the quantization of the energy levels to discrete values and consequently 
to the dependence of a band gap on the size of nanoparticle. 
QDs are mainly composed of binary II-VI (e.g., CdSe), III-V (InP) and IV-VI 
(PbS) materials.[35-38] They are robust fl uorescence emitters with size-
dependent emission wavelengths. Their extreme brightness and resistance 
to photobleaching enables application of very low laser intensities over 
extended time periods, making them especially useful for live-cell imaging. 
Hydrophobic/Hydrophilic Switchable Nanoparticles for Bioimaging 13
2. LITERATURE OVERVIEW
The intense brightness is also particularly helpful for single-particle detec-
tion and an increasing number of biomedical assays. The tunable emission 
wavelength and distinct emission spectra of QDs facilitate data acquisition 
and analysis of multiple tagged molecules of interest.
Fluorescence probes are widely used in cell biology. Organic fl uorophores, 
the most commonly used probes, suffer from fast photobleaching and 
broad, overlapping emission lines, and therefore are limited in applications 
involving long-term imaging and multicolor detection. Thus, QDs are consid-
ered as promising alternative to organic dyes for fl uorescence-based bioap-
plications (Fig. 4).[39, 40]
Figure 4. Applications of quantum dots as multimodal contrast agents in bioimag-
ing. [40]
The progress in a synthesis and optimization of QDs for biological envi-
ronments has opened the doors to an expanding a variety of biological 
applications, such as serving as specifi c markers for cellular structures and 
molecules, tracing cell lineage, monitoring physiological events in live cells, 
measuring cell motility, and tracking cells in vivo.
Some apparent advantages of using QDs over fl uorescent dyes/probes are 
outlined below.[41]
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1. Spectral properties: a) broad optical absorbance and narrow photolumi-
nescence of the QDs are very favorable for biological detection (Fig. 5); b) 
the emission spectra of QDs can be tuned across a wide range by changing 
the size and composition of the QD core (Fig. 6).
Figure 5. Comparison of the absorption (A) and emission (B) profi les of CdTe QDs 
(black) and rhodamine 6G dye (red). The QD emission spectrum is nearly symmetric 
and much narrower in peak width. Its absorption profi le is broad and continuous. 
The QDs can be excited at any wavelength shorter than 530 nm. In contrast, the 
organic dye rhodamine 6G has a broad and asymmetric emission peak and can 
be excited only in a relatively narrow wavelength range.
2. Resistance to photobleaching (photobleaching is a process in which 
molecular structure of a dye is irreversibly altered as a result of absorption of 
excitation light that renders it non-fl uorescent). The photostable nature of the 
QD usually results from the specially designed protecting shell surrounding 
the core.[42, 43] QDs have more degrees of freedom than organic fl uoro-
phores and they don’t lose their emission properties even if the bonding has 
been slightly changed.
Figure 6. Example of colloidal CdTe NPs possessing size-tunable emission.
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3. Resistance to metabolic degradation: the inorganic nature of QDs and their 
passivating coatings determine their resistance to metabolic degradation.
4. High extinction coeffi cients: QDs have very large molar extinction coef-
fi cients and high quantum yields resulting in bright fl uorescence. Their molar 
extinction coeffi cients are in the order of 0.5-5×106 M-1 cm-1, which makes 
them bright probes in aqueous solutions and also under photon-limited con-
ditions in vivo environment (where light intensities are severely attenuated by 
scattering and absorption). Moreover, QDs have long fl uorescence lifetimes 
in the range of 20-50 ns, which allow them to be distinguished from back-
ground and other fl uorophores by increased sensitivity of detection. 
5. Conjugation ability: bioconjugation of QDs is achievable using several 
approaches, e.g., they can be conjugated to the linker (avidin, protein A 
or protein G, or a secondary antibody etc.) by covalent binding and pas-
sive adsorption, multivalent chelation, or by electrostatic interactions. Since 
most proteins contain primary amine and carboxylic acid functional groups, 
carbodiimide-mediated amide formation cross-linking reactions are per-
haps the most common as it obviates the need for any surface modifi cation 
before conjugation. In the electrostatic self-assembly approach, the linker 
is bound to a positively charged peptide enabling its conjugation to dihy-
droxylipoic (DHLA) acid-capped zinc sulfi de-coated QDs (fi g. 7).[44]
Figure 7. The mixed surface approach for conjugating biomolecules to
DHLA-capped QDs using avidin as the linker molecule. [44]
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Figure 8. Experimental setup for a synthesis of thiol-capped CdTe NCs in water. [54]
2.2.1. QDs synthesis
Historically the synthesis in aqueous media was the fi rst successful prepara-
tion method of colloidal semiconductor nanoparticles.[35, 37, 45-47] Water 
is a natural medium for all forms of life. This is one of the reasons why any 
solution-based techniques and processes in aqueous media are considered 
to be environmentally friendly and safe in comparison with the others which 
demand organic solvents or melts.
QDs, particularly of type II-VI semiconductors, have been prepared in aque-
ous media with the aid of water-soluble phosphates and polyphospates, cit-
rate, thiol ligands.[48-52] These methods offer a number of advantages such 
as relatively low cost, potential for up-scaling, and environmental friendli-
ness.[7, 53] As a rule the size distribution of the colloidal QDs prepared in 
water is relatively broad, and size-selective precipitation approaches are 
used to optimize it. 
The most successful aqueous synthesis approach is based on the use of vari-
ous thiol containing organic compounds (acids, alcohols, amines) as stabiliz-
ers.[52] The typical synthetic setup is schematically presented in Fig. 8.[54]
The solubility of thiol-capped QDs is not limited to aqueous solutions. The QDs 
could be successfully transferred into nonpolar organic solvents with the aid 
of surface exchange by using 1-dodecanethiol [7], octadecyl-p-vynilben-
zyldimethylammonium chloride (OVDAC).[55] QDs transferred in organic 
media were used for fabrication of composites with functional polymers
[7, 55] and applied for fabrication of hybrid LED.[56]
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2.2.2. Surface modifi cation and bioconjugation of QDs
All basic surface modifi cation strategies presented in fi g. 1 are applicable 
to QDs. For example, according to the fi rst strategy, trioctylphosphine/
trioctylphosphine oxide-coated (TOP/TOPO) CdSe/ZnS QDs could be trans-
ferred to an aqueous solution by replacing the phosphine/phosphine oxide 
hydrophobic ligands with hydrophilic thiol-based molecules, like mercap-
tocarboxylic acids (mercaptoacetic, mercaptopropionic, mercaprosuc-
cinic, mercaptoundecanoic, DHLA).[61-63] Colloidal CdTe QDs prepared 
in trioctylphosphine/dodecylamine (TOP/DDA) were transferred into water 
by the use of aminoethanthiol hydrochloride (AET) or mercaptopropionic 
acid (MPA) to prepare positively or negatively charged water-soluble NCs. 
Monoexponential exciton decay and slight defects in emission after the 
ligand exchange were observed. The method is also attractive for its simplic-
ity.[9] Spherical PbSe semiconductor NCs (near-infrared absorption 1100-2500 
nm) were made water-soluble through exchange of surface hydrophobic 
ligands (TOP) for hydrophilic ones (1-mercaptoundecanoic acid). Figure 9 
shows the transfer of the black PbSe NCs from the organic phase to the 
water phase after the ligand exchange.[11]
However, relatively lower stability, the diffi culty of effi cient control of crystal-
linity and shape, limited freedom for core-shell design and low synthesis tem-
perature are the main limitations of the aqueous synthesis.[57] These are the 
reasons why the heat-elevated methods in organic media became more 
popular and demanded.
The introduction of a hot-injection approach using high temperature boiling 
organic solvents in 1993 constituted an important step towards the fabrica-
tion of monodisperse CdS, CdSe and CdTe NPs.[58]
The advantages of the organically prepared QDs are monodispersity, shape 
control, narrow size distribution which are necessary to obtain a pure emission 
colour, strongly size-dependent physical properties as photoluminescence and 
absorption peaks. To expand the list we could add the synthesis of core/shell 
structures which are intensively studied due to their superior photolumines-
cence quantum yields and higher stability compared to core NCs.[43, 59, 60]
However, these nanoparticles are generally capped with hydrophobic lig-
ands. Special challenges are faced to design and fabricate QDs with high fl uo-
rescence in aqueous environments and to conjugate QDs with biomolecules 
that recognize specifi c biological structure. Hydrophobic quantum dots could 
be converted into water soluble nanocrystals by various surface treatment 
approaches including encapsulation with amphiphilic phospholipids, siloxanes 
and copolymers. As these approaches appear to be very relevant to a topic 
of the present work, some of them will be discussed in more detail below.
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Figure 9. Phase transfer of PbSe from hexane into water after the ligand 
exchange.[11]
Another successful example is a use of specifi c peptide coating (Fig. 10). 
Specifi c peptide-coated CdSe/ZnS QDs show that it is possible to target 
hybrid organic-inorganic nanometer sized colloidal materials in a living 
mammal. It is proved that the aggregation problem could be overcome by 
either decreasing the population of peptides on the QDs surface or by co-
coupling peptides and PEG, a polymer known to minimize molecular inter-
actions (nonspecifi c binding) and improve colloidal stability.[64]
Figure 10. Schematic representation of QD targeting. Intravenous delivery of QDs 
into specifi c tissues of a mouse (upper) Design of peptide-coated particles (lower) 
QDs were coated with either peptides only or with peptides and PEG which helps to 
maintain solubility of QDs in aqueous environment and minimize nonspecifi c bind-
ing. Adapted from [64]
Hexane phase
Water phase
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The encapsulation approach, reported for core/shell CdSe/ZnS QDs wrapped 
in polyethylene glycol phospholipid micelles, is attractive for several reasons: 
(i) the encapsulation step does not alter the surface, (ii) the optical prop-
erties of the QDs are retained, and (iii) the micelles display a high density 
of PEG on their surface which prevents nonspecifi c adsorption.[65] Using 
amphiphilic polymers to encapsulate QDs through hydrophobic interac-
tions is superior to the ligand exchange method because it preserves 
the quantum yield of QDs synthesized in organic phase and constructs 
more stable nanostructures.[3, 27, 66] Quite a few amphiphilic polymers 
such as alkylated alginate,[67] poly(maleic anhydride-alt-1-tetradecene),[3] 
poly(maleic anhydride-alt-1-octadecene),[66, 68] and alkylated poly(acrylic 
acid) [69] have been used to encapsulate QDs. Organic QDs could be trans-
ferred into aqueous phase by amphiphilic biocompatible cationic polysac-
charide chitosan grafted with alkyl chains (chitosan-QD).[70]
Nie et al. reported the development of bioconjugated QD probes suitable 
for in vivo targeting and imaging of human prostate cancer cells growing 
in mice. This new class of QD conjugates contains an amphiphilic tri-block 
copolymer for in vivo protection, targeting-ligands for tumor antigen rec-
ognition and multiple PEG molecules for improved biocompatibility and cir-
culation. The application of this ABC tri-block copolymer has solved the 
problems of particle aggregation and fl uorescence loss previously encoun-
tered for QDs stored in physiological buffer or injected into live animals.[5]
2.3. Metal Nanoparticles
Metal nanoparticles such as Au and Ag are excellent nanomaterials provid-
ing a powerful platform in biomedical applications of biomolecular recogni-
tion and sensing, drug delivery, and imaging.[71, 72]
Optical sensing, for example, exploits the change in surface plasmon reso-
nance (SPR) peak position and its intensity to detect binding events on Ag 
or Au surfaces. As the surface of Ag and Au nanoparticles can be readily 
conjugated with biologically relevant ligands, a number of detection strate-
gies has been developed to probe biomolecules with high sensitivity and at 
a low cost.[73, 74] The SPR absorption, arising from the collective oscillation 
of conducting electrons in the metal NP core upon interacting with the inci-
dent light, is dependent on the NP size and shape, the dielectric property of 
the media, and the distance between particles. This provides a unique and 
convenient platform for monitoring the molecular recognition event occur-
ring close to the surface of the nanoparticles. Colorimetric bioassays have 
thus been achieved based on the SPR shift when molecular interactions 
take place at the surface of the nanoparticles, and have been employed 
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to study fundamental biorecognition processes including cell-cell commu-
nication, enzymatic activity, protein-protein interaction, and DNA hybridiza-
tion. When the ligand-receptor interaction causes additional aggregation of 
nanoparticles, very large SPR shifts occur producing intense color changes 
visible to the naked eyes.[75] These optical properties, induced by single par-
ticles or interactions between particles, allow the highly sensitive detection 
of molecular binding events. Moreover, the SPR absorptions are not a subject 
to quenching/photobleaching that are frequently associated with organic 
fl uorophores, or blinking that occurs in quantum dots.
In addition to the scattering and absorption of light, plasmonic nanoparti-
cles are useful to enhance local electromagnetic fi elds. SPR can generate 
intense local electric fi elds within a few nanometers of a particle surface. This 
near-fi eld effect can improve Raman scattering cross sections of molecules 
adsorbed onto the surface. This kind of enhancement has led to the devel-
opment of a new fi eld of scientifi c exploration known as surface-enhanced 
Raman spectroscopy (SERS), with the SERS effect being fi rst demonstrated by 
Fleischman and Van Duyne.[76, 77]
Au NPs are among the most used and studied nanomaterials owing to 
their ease of preparation, stability, well-established surface functionalization 
chemistry, and their unique optoelectronic properties. An early example of 
bioapplication of gold NPs was demonstrated by Mirkin and coworkers using 
oligonucleotide-capped Au NPs.[78] Hybridization of the complementary 
oligonucleotide strands induced the aggregation of Au NPs leading to a dis-
tinct solution color change easily visualized by naked eyes. 
Bioconjugated Au NPs are used as colorimetric biosensors detecting pro-
teins, viruses, and bacteria at an extremely sensitive level.[72] An additional 
advantage of nanoparticles is that the multiple ligands presented on the 
nanoparticle surface could drastically enhance affi nities of specifi c mono-
valent interactions via the multivalent binding between NPs and the biologi-
cal target. The authors attributed the enhanced activity to the multivalency 
effect where multiple ligands presented on the nanoparticle surface greatly 
enhanced the overall binding affi nity to the protein.
2.3.1. Synthesis and phase transfer
The fi rst reported synthesis of plasmonic metal nanoparticles occurred more 
than 150 years ago when Faraday prepared Au colloids by reducing an 
aqueous solution of Au chloride with phosphorus.[79] Nowadays, the synthe-
sis of Au nanoparticles with diameters from a few to hundred nanometers is 
well established in aqueous solution and in organic solvents. Typically HAuCl4 
or AuCl3 are directly reduced by reducing agents in the presence of sulfur-
terminated polymers and directly formed metal nanoparticles, in which the 
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polymer chains act as a stabilizer for the nanoparticles.[80-82] One of the 
most popular approaches is introduced by Brust et al.[83] AuCl4
- was trans-
ferred from water to organic phase (toluene) using tertiary ammonium salt 
(tetraoctylammonium bromide) as the phase transfer agent. The gold pre-
cursor was reduced with aqueous sodium borohydride in the presence of 
dodecanethiol leading to a simple way for the direct synthesis of metallic 
clusters.[83] Tenhu’s group fabricated composite gold nanoparticles which 
were grafted with mixed poly(N-isopropylacrylamide) (PNIPAM) and poly-
styrene (PS) or poly(methacrylic acid) (PMAA) chains. They also grafted 
PNIPAM on gold nanoparticles by three different ways for comparison, and 
found the one-step way was most interesting due to the feasibility and 
facile control over the average sizes of nanoparticles.[81] The poly(methoxyl 
oligo(ethylene glycol) methacrylate) (PMOEGMA) modifi ed gold nanopar-
ticles were prepared by similar methods as a salt-responsive polymer/gold 
nanocomposites.[82] The obtained polymer/gold nanocomposites have a 
relatively good dispersity and have a long-term stability based on the strong 
steric protection of polymer chains.
2.3.2. Surface modifi cation and bioconjugation
Colloidal gold offers some unique features over other labeling agents, e.g., 
QDs and organic dyes. For instance, Au NPs do not undergo any photo-
decomposition (and largely retain their optical properties; however, they may 
vary depending upon the medium surrounding), which is a common problem 
encountered while using fl uorescent dyes. Secondly, they are not apparently 
toxic, in sharp contrast to potential toxicity of Cd, Hg, Pb containing semicon-
ductor QDs (e.g. CdTe, HgTe, PbS). Third, they are reasonably stable and can 
be stored in dry state. Finally, their ability to shift the SPR, in a controlled fash-
ion, to the spectral region best suited for optical bioimaging and bio-sensing 
would open the way to numerous additional bioapplications.[41]
The most hydrophobic and hydrophilic ligands presented in Figures 1 and 
2 are applicable for stabilization of Au NPs. Since thiol moieties exhibit high 
affi nity to gold surfaces forming Au-sulfur bonds, they are used most fre-
quently for Au particles synthesis.[84] According to the strategies presented 
in chapter 1, after synthesis of the Au particles their stabilizer molecules can 
be replaced in a ligand exchange or ligand modifi cation procedures. 
Biological molecules can be attached to the Au NPs in several ways. If the 
biological molecules have a functional group which can bind to the gold 
surface (like thiols or specifi c peptide sequences), they can replace some of 
the original stabilizer molecules when they are added directly to the particle 
solution. In this ligand exchange approach molecules like oligonucleotides, 
peptides or PEG can be readily linked to Au particles. In this case subsequent 
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sorting techniques even allow particles with an exactly defi ned number of 
attached molecules per particle to be obtained.[85]
It should be noted, the ligand modifi cation approaches in the case of noble 
metal nanoparticles not only limited to those based on physical absorption 
and electrostatic interactions as is mainly the case for QDs. In contrast to QDs 
noble metal NPs are explicitly chemically stable, which opens up an opportu-
nity of chemical design of their surface ligand, e.g. by covalent bonding.[86]
As a fascinating branch, various polymers are artifi cially decorated onto gold 
NPs in physical or chemical manner and show much potential in advanced 
material science. The polymer chains grafted/coated on the surface of gold 
NPs can not only enhance the stability of gold cores, but also functionalize 
the gold core due to the special properties of outside polymer layers.[82]
The main preparative methods of gold-polymer composites are based on two 
interactions between polymer chains and the gold cores: covalent linkage 
(“graft-to” and “graft-from” strategies) and physical adsorption (hydropho-
bic interior, nonspecifi c/coordination adsorption, electrostatic interaction) 
(Figure 11).[85] “Graft-to” strategy is a method when sulfur-terminated poly-
mers can directly bind to the surface of previously prepared gold nanopar-
ticles through sulfur-gold interaction. If the polymer chains are grafted to 
pre-formed gold nanoparticles, the obtained polymer/gold nanocomposites 
may have cores of improved crystallinity.[87, 88] Generally, the polymer graft 
density in the “graft-to” method is quite low due to the steric hindrance from 
the large polymer chains, which limits their application. According to “graft-
from” strategy, an initiator is previously immobilized on the surface of uniform 
gold nanoparticles. Then, the initiator-modifi ed nanoparticles can initiate the 
polymerization of various monomers through living/controlled polymerization 
providing advantageously controlled polymer molecular weight with its rela-
tively narrow distribution according to the polymerization mechanism, ena-
bling the adjustment of the polymer shell thickness and regularity.
Figure 11. Grafting-to and grafting-from approaches of inorganic core with a the 
polymer shell. [89]
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The so called “intelligent” or “smart” polymers [90, 91] are also known as 
stimuli responsive or environmentally sensitive polymers which will undergo 
physical or chemical changes as responses to external stimuli in the environ-
mental conditions.[82] For polymers, the temperature and pH stimuli have 
been widely studied due to the reversibly responsive features. The stimuli 
response of the polymer chains could be ascribed to the polymer solubility 
in different environments, which is a similar phenomenon to amphiphilicity 
described by Edwards (Fig. 12).[82] In spite of the great interest to smart 
polymer - NP composites, reports on reversible phase transfer methods are 
still limited.[92, 93] One of the interesting approaches describes Au NCs sta-
bilized by polybutadiene-poly(ethylene glycol) (PB-PEG). These NPs possess 
exceptional thermal and solvent stability and can stay in solution (water 
as well as various organic solvents, including hexane) without precipitation, 
agglomeration, or decomposition for more than 2 years.[94, 95] Foos et 
al. investigated gold nanoclusters stabilized by the thiols after the ligand 
exchange reaction: the hexanethiol stabilized Au clusters were synthesized 
followed by the replacement with thiolated methoxy-ethylene glycols
CH3-(O-CH2-CH2)n-SH (n = 2-4).[96, 97] Although the synthesis of PEG stabi-
lized gold NPs has been already quite well investigated, amphiphilic behav-
ior of these colloids was not addressed thus far.
Figure 12. Image of phase transfer of Au NPs (a) from water to organic phase by 
addition of NaCl (b) to water or citric acid (c).[82]
2.4. Magnetic Nanoparticles
The synthesis of superparamagnetic nanoparticles has been intensively 
developed not only for its fundamental scientifi c interest but also for many 
technological applications: magnetic storage media, biosensing and medi-
cal applications, targeted drug delivery, contrast agents in magnetic reso-
nance imaging. 
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Magnetic nanoparticles (MNPs) are commonly protected with a polymer 
coating to improve their dispersity and stability. Most investigated polymers 
for this purpose include poly(vinyl alcohol) (PVA), poly(D,L-lactide-co-gly-
colide) (PLGA), dextran, PEG, and chitosan.[98] One of the most promising 
coating materials is PEG because of its ability to provide a steric barrier to 
protein adsorption, which results in reduced uptake by macrophages of the 
reticuloendothelial system (RES).[98]
In 1975 Blakemore discovered magnetotactic bacteria, which now represent 
the most intensively studied biomagnetic system. Magnetotactic bacteria 
form a heterogeneous group of Gram-negative prokaryotes with morpholog-
ical and habitat diversity which have an ability to synthesize fi ne (50-100 nm)
intracellular membrane-bound ferromagnetic crystalline particles
(Fig. 11) consisting of magnetite (Fe3O4) or greigite (Fe3S4) covered with 
an intracellular phospholipid membrane vacuole, forming structures called 
“magnetosomes”. Chains of magnetosomes act as simple compass needles 
which passively torque the bacterial cells into alignment with the earth’s 
magnetic fi eld.[99]
Figure 13. Electron micrographs of crystal morphologies and intracellular organiza-
tion of magnetosomes found in various magnetotactic bacteria. Shapes of magnetic 
crystals include cubo-octahedral (a), elongated hexagonal prismatic (b, d, e, f),
and bullet-shaped morphologies (c). The particles are arranged in one (a, b, c), 
two (e), or multiple chains (d) or irregularly (f). The scale-bar is 100 nm. [99]
Superparamagnetic iron oxide nanoparticles are engineered y-Fe2O3 or 
Fe3O4 particles that exhibit magnetic interaction when placed within a mag-
netic fi eld. In addition, when encountered by an alternating magnetic fi eld, 
the particles heat up, allowing for both imaging and therapy applications. 
Specifi cally, their utilization as an MRI contrast agent has been extensively 
studied.
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2.4.1. Synthesis and phase transfer
The solution based synthetic methods for producing superparamagnetic 
iron oxide NPs can roughly be classifi ed into two categories - hydrolytic and 
non-hydrolytic routes. Hydrolytic routes include among others: precipitation 
of iron oxides from aqueous Fe2+/Fe3+ solutions by the addition of a base, use 
of microemulsions as templating nanoreactors, hydrothermal synthesis of fer-
rites under high pressure and temperature, sol-gel processes, electrochemi-
cal and sonochemical methods.[100-102] 
Non-hydrolytic method for obtaining of magnetic NPs includes thermal 
decomposition of organometallic compounds in high-boiling organic sol-
vents in the presence of surfactants (fatty acids, oleic acid or hexade-
cylamine), analogous to high-quality semiconductor nanocrystals.[103, 104] 
Another non-hydrolytic method is based on a phase transfer and separa-
tion mechanism occurring at the liquid-solid and the solid-solution interface, 
respectively, and it affords high pressure. From all methods so far described, 
this allows the best size and shape control for preparation of magnetic nano-
particles which are stabilized by surface-capping agents.[105] 
Nonhydrolytically synthesized magnetic NPs are typically of high quality, but 
they are coated with hydrophobic ligands. Therefore in the case of biologi-
cal applications it is necessary to exchange these ligands to achieve high 
colloidal stability in aqueous biofl uids and to avoid aggregation which can 
occur under harsh physiological conditions.
The solvent- and ligand-exchange processes are usually time-consuming, 
exchange effi ciencies can vary vastly, and complete removal of the hydro-
phobic surfactants is diffi cult. The remaining solvents or surfactants may result 
in opsonization (the binding of an opsonin, i.e., antibody, to a receptor on 
the pathogen’s cell membrane) in vivo and other potential side effects, and 
thus the related biocompatibility issue needs to be addressed. It is the main 
reason to synthesize oxide NPs using hydrophilic or amphiphilic stabilizers.[66]
2.4.2. Surface modifi cation and bioconjugation
Irrespective of how the stabilized magnetic nanoparticles have been pre-
pared, usually they have to be protected from oxidation in air, or erosion by 
acids or bases.[106, 107] There are two strategies developed: coating with 
organic shells including surfactants and polymers, or coating with inorganic 
shells including silica, noble metals or oxides. The chemically simplest protec-
tion would be surface passivation by mild oxidation. Generally, the coatings 
of magnetic NPs may be performed in situ (during the “one-pot” synthesis) or 
by post-synthetic treatment following the approaches displayed in chapter 1.
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To avoid aggregation of the nanoparticles and enhance the colloidal sta-
bility of ferrofl uids, careful control of the surface charge and/or the use of 
specifi c surfactants are necessary. It may be achieved by the introduction 
of surface groups which become charged at a certain pH: for example, 
nowadays commercial ferrofl uids are available which are stable either at
pH <5 or pH >8 (alkaline ferrofl uid).[108-110]
A polymer coating is among widely used methods to protect functional 
nanoparticles and enhance their colloidal stability by introducing a defi ned 
surface charge. This can be achieved by using simply the adsorption of pol-
ymers containing functional groups, such as carboxylic acids, phosphates 
and sulfates, to the surface of magnetite nanoparticles. Suitable polymers 
are poly(pyrrole), poly(aniline), and polyesters, which all may interact with 
the surface of the magnetic nanoparticle due to their free electron pairs 
[111-114]. Instead of adsorption, or grafting-onto, the polymer coating alter-
natively can be grown by a grafting-from polymerization from the nanopar-
ticle surface, analogous to the process shown for noble metal particles.[115] 
Surface-grafting of the initiator is the crucial step to obtain well-defi ned 
core-shell architecture. In general, an important drawback of polymer coat-
ings is that, if they are too thin, they provide an insuffi cient barrier towards 
oxygen or small ions, and therefore cannot protect the magnetic nanopar-
ticles from degradation. Also, a polymer coating usually is not very stable at 
elevated temperatures.
An alternative protection of magnetic nanoparticles from oxidation is a 
noble-metal (e.g. Au) or silica coating. [116] A silica shell not only protects 
the magnetic core, but since it can easily be chemically modifi ed, also 
may serve as a spacer to separate the core and additional functionalities, 
as for example organic dye molecules, to avoid unwanted interactions like 
luminescence quenching. As an example, magnetic nanoparticles were 
fi rst coated with a thin silica shell, onto which the dye molecules were 
grafted.[117]
The easiest way to achieve water compatibility is the coating of magnetic 
NPs with hydrophilic ligands, containing charges or being hydrophilic poly-
mer brushes, like PEG or dextran, alginate and chitosan.[118-122] Whereas 
the charges stabilize the colloidal particles against aggregation by Cou-
lomb repulsion, a polymer coating of the NPs introduces a shorter-range 
steric repulsion. 
As in the case of above described QDs and metal NPs the coating of mag-
netic nanoparticles with amphiphilic ligands attracts more and more atten-
tion. Among successful examples are the use of amphiphilic ligands, such as 
tetradecylphosphonate and PEG-2-tetradecylether inducing the formation 
of micelles around the magnetic NPs,[123] amphiphilic PEG-phospholipids or 
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contributing to the water solubility,[124] amphiphilic polystyrene-poly(acrylic 
acid) (PS-PAA) block copolymer,[125] and polylactide-PEG block copoly-
mers.[123, 126, 127] Taking into account a variety of promising applications 
of magnetic nanoparticles each demanding particular material and sur-
face design this list will be widely extended in the future. Some successful 
attempts to this extension are also performed in present work.
2.5. Cytotoxicity of Nanoparticles
2.5.1. Cytotoxicity of QDs
The question of nanotoxicity is still opened and needs much time for collecting 
all effects to get full impression. This topic is new and not so well and deeply 
explored. Toxicity of NCs causes problems while using them in bioapplications 
and also attracted by insuffi cient knowledge about them. That is why I see fi t 
to shed a little light in my work to describe the problem of toxicity of the NPs. 
Main toxicity factors will be mentioned below.
Despite the potential health risks, promising applications of quantum dots 
include their use in the medical fi eld as new drug-delivery and biomedi-
cal-imaging agents. For biological applications, QDs typically have a core/
shell conjugate structure. The core of the QD is composed of II-VI materials 
(e.g., CdSe, CdTe, CdS, HgTe) and III-V materials (e.g., GaAs, GaN, InP, and 
InAs).[32] Many of these core constituents are known to be toxic at low 
concentrations; examples include cadmium, selenium, mercury, lead and 
arsenic. Therefore, if these QDs are exposed to conditions promoting degra-
dation, such as an oxidative environment, toxicity related to the release of 
free ions is expected. Thus one of the crucial factors in QD toxicity is their sta-
bility. The cytotoxicity of QDs is reduced when their cores are protected from 
degradation. To prevent core degradation, an additional shell layer is com-
plemented, making the QD more biocompatible. Additional functionalities 
or bioconjugates can be added to the surface in order to improve bioa-
vailability or introduce bioactivity.[128] At the same time it is important to 
note, that surface charge also plays a role in toxicity with cationic surfaces 
being more toxic than anionic, and neutral surfaces being most biocompat-
ible.[31, 129-131]
One of the options for biocompatible QDs is to use amphiphilic polymers 
to encapsulate the inorganic/organic system. Most commercial manufac-
turers of QDs prepare their biocompatible systems in this way. While larger 
polymeric coatings increase the hydrodynamic size, they yield very bright 
and stable materials. Kirchner et al. found PEG to lower cellular uptake of 
silica-coated QDs resulting in lower cytotoxicity.[31] Polyehtylene imine (PEI) 
coated QDs were tested in HeLa cells and it was found out that they are 
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endocytosed or macropinocytosed after one to two hours of incubation. 
However, since PEI-coated dots are toxic to cells, PEG was added to reduce 
this toxicity. The two different forms (PEI grafted with two PEG and PEI grafted 
with four PEG chains) of coated QDs exhibited different distribution patterns 
inside the cells and different cytotoxicity. The PEI-g-PEG4 QDs accumulated 
in the perinuclear region yielding better cell viability while the PEI-g-PEG2 
QDs were distributed in the cytoplasm and had signifi cant cytotoxic effects. 
The authors believe the cytotoxicity is due to the PEI polymer and not the 
presence of cadmium ions.[131]
While much of the properties of nanoparticles are due to their core struc-
ture, the surface coating determines much of their bioactivity. NonPEG-sub-
stituted QDs are exhibiting the highest cell toxicity. PEG substitution of QDs 
resulted in increased cell viability.[29]
Aggregation of QDs in solution takes place when the stabilizing ligands are 
removed from the nanocrystal surface via protonation or photooxidation. 
Cannot be excluded the possibility that similar processes may occur during 
in vitro or in vivo imaging, depending on the subcellular localization of the 
QDs and the local pH and redox environment they encounter. Protein or pol-
ymer QD coatings could be degraded in vivo, yielding exposed inorganic 
cores. Such unprotected QDs could represent a hazard for long-term use of 
QDs.[132]
2.5.2. Cytotoxicity of Au NPs
Gold nanoparticles have been used in medical applications during clinical 
testing of heavy metals to treat rheumatoid arthritis as early as the 1920s.[133] 
It was found (and confi rmed recently [134]) that the gold nanoparticles 
accumulated inside the cells. The observed cellular changes were both 
dose- and time-dependent. It was also observed that the gold nanopar-
ticles are not digested in the lysosomes, and even though the vacuoles 
accumulate near the nucleus, no nuclear penetration was seen. The gold 
nanoparticles used for bioapplications are typically represented by nano-
spheres, nanorods or nanoshells.[135] 
More recently, it has been found that the chemicals involved in the synthe-
sis of gold nanorods play a role in their potential cytotoxicity. Niidome et al. 
investigated the effect of PEG-modifi ed gold nanorods on HeLa cells after 24 
hours of incubation.[136] The strong cytotoxicity was associated with a low 
concentration of CTAB-stabilized gold nanorods. They proposed that free 
CTAB in solution was the source of the cytotoxic effect. This was corroborated 
when removal of excess CTAB from the PEG-modifi ed gold-nanorod solution 
yielded 90% cell viability at the highest concentration tested (0.5 mM).
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Since gold nanoparticles are reported to induce little toxicity, the polymer 
modifi ed gold nanoparticles may display signifi cant advances in the medi-
cal and clinical applications. For instance, PEG shells can greatly diversify 
the nanoparticle’s properties and potential applications based on the mul-
tifunctionality of this polymer, such as organic solubility, water solubility and 
biocompatibility.
2.5.3. Cytotoxicity of magnetic NPs
In terms of cytotoxicity, while bare iron oxide nanoparticles exert some toxic 
effects, coated NPs have been found to be relatively nontoxic. Gupta et 
al. showed that PEG-coated nanoparticles were biocompatible as exposed 
cells remained more than 99% viability relative to control.[137] Using differ-
ent PEG-based coatings, PMAO-PEG-coated iron oxide NPs were relatively 
nontoxic.[124] The effects of three surface coatings on iron oxide cytotoxic-
ity were tested and one found MPEG-Asp3-NH2-coated iron oxide nanopar-
ticles almost non cytotoxic at the concentrations tested.[138] In comparison, 
MPEG-PAA- and PAA-coated iron oxide nanoparticles signifi cantly reduced 
cell viability with only 16% of the cell remaining at an iron concentration 
of 400 μg ml-1. The mechanism for iron oxide NPs cytotoxicity, when it does 
occur, has been linked to both cellular uptake and radical oxygen species 
production. Hu et al. found P(PEGMA)-immobilized nanoparticles relatively 
nontoxic, as exposed cells had greater than 93% viability.[139] Magnetic NPs 
coated with PEG exhibit long blood-circulation time [140]. Furthermore, the 
presence of PEG may increase the nanoparticle’s colloidal stability through 
steric hindrance and provide non-fouling properties, making an iron oxide 
system capable of stable binding, protecting and delivering DNA for gene 
expression while maintaining superparamagnetic properties and high bio-
compatibility. [141]
Therefore, main factors determining cytotoxicity of NPs are shell protection, 
core and ligand nature, NP’s charge, size and shape. Nevertheless many of 
the types of toxicity and their effects could be decreased by using cheap, 
simple, biocompatible, amphiphilic polyethyleneglycol and its derivatives. 
PEG is nontoxic, nonimmunogenic and resistant to protein fouling. PEG has 
been widely accepted as a nanoparticle coating for biomedical applica-
tions.[142, 143] Using of PEGs is proven to be perspective especially in bioap-
plications because it forms a sick shell around the NPs, makes it soluble in 
different solvents especially biofl uids. Design of PEGs functionalities makes 
them suitable and promising for immobilization of peptides, proteins, anti-
bodies. The reduced toxicity due to the PEG shell is also very important for 
using NCs of different nature in imaging and labeling.
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3.1. Synthesis of stabilizers
3.1.1. mPEG-TGA
This compound was synthesized via the esterifi cation of methoxypolyethyl-
ene glycol 350 by thioglycolic acid according to Essahli et al., Du and Brash 
without the usage of catalysts (see scheme 2).[144, 145]
Scheme 2. Synthesis of a stabilizer mPEG-TGA
Scheme 1. Chemical structure of the stabilizers used in present work
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In a typical synthesis, 17.5 g (0.05 mol) of mPEG-350 were loaded into a 50 
ml three-necked fl ask, equipped with a thermometer, thermocouple and 
Dean-Stark apparatus, and evacuated to drive off water from the chemicals 
before the addition of 13.8 g (0.15) mol of TGA. The mixture obtained was 
diluted with toluene up to 30-35 ml, the distillation trap was also fi lled with 
toluene. The mixture was heated at 125-130 ºC for 48 hours till the end of 
water elimination. The solvent was evaporated and the excess of TGA was 
removed by vacuum distillation. 1H NMR spectrum of the product is shown 
in fi gure 14. 1H NMR (500 MHz, CDCl3): δ (ppm) 2.0 (t, 0.44, SH), 3.25 (d, 0.93, 
CH2S), 3.3 (s, 1.97, OCH3), 3.6 (m, 16.77, CH2CH2), 3.7 (t, 1.37, OCH2), 4.25 (t, 1.0, 
CH2-O-C(O)).
Figure 14. 1H NMR (500 MHz) spectrum of mPEG-TGA in CDCl3.
3.1.2. mPEG-SH
This compound was synthesized according to Shimmin et al.[94] from meth-
oxypolyethylene glycols possessing different molar weights of 350, 550 and 
750 (see scheme 3).
Scheme 3. Synthesis of a stabilizer mPEG-SH
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Firstly, the adduct of diisopropyl azodicarboxylate with triphenylphosphine 
was obtained in THF at -30ºC by slow dropping of 9.7 g (0.024 mol) of 
diisopropyl azodicarboxylate to 12.58 g (0.024 mol) of triphenylphosphine 
dissolved in tetrahydrofuran (THF), accompanied by precipitate formation. 
Subsequently, solution of 10.12 g (0.016 mol) of mPEG-350 and 3.8 g (0.024 
mol) of thiolacetic acid in 50 mL of THF was added dropwise. The reaction pro-
ceeded at room temperature overnight. The solvent and excess of thiol-
acetic acid were evaporated. The mixture obtained was dissolved in water 
and fi ltered. The aqueous phase was washed with diethyl ether and evapo-
rated. The dried product was treated three times with pentane to extract 
triphenylphosphine oxide. Thus synthesized ω-acetylthiomethoxypolyethylene 
glycol 350 was treated with 0.1 M HCl in methanol under argon atmosphere. 
The resulting thiol was separated from the methanol solution by drying in 
vacuum. 1H NMR spectrum of the product is shown in fi gure 15. 1H NMR
(500 MHz, CDCl3): δ (ppm) 1.58 (t, 0.94, SH), 2.68 (q, 1.96, CH2SH), 3.36 (s, 3.0, 
CH3O), 3.5-3.7 (m, 30.6, OCH2CH2O).
Figure 15. 1H NMR (500 MHz) spectrum of mPEG-SH in CDCl3.
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Scheme 4. Synthesis of a stabilizer mPEG-COOH
3.1.3. mPEG-COOH
A synthesis of mPEG-COOH was realized using a strong oxidizing agent - 
Jone’s reagent (prepared by adding 70 g of chromium trioxide to 500 mL of 
distilled water in an ice bath) that converts terminal hydroxyl group of mPEG 
into carboxyl group according to scheme 4. [146]
61 mL of concentrated sulfuric acid was added slowly into solution obtained. 
To obtain mPEG-COOH, 40 g of monomethoxy PEG were dissolved in 400 
mL of acetone followed by the addition of 17 mL of Jone’s reagent. The mix-
ture was stirred for 24 h and quenched by addition of 5 mL of isopropanol. 
In order to remove chromium salts, the reaction mixture was fi ltered under 
vacuum yielding a clear acetone solution. This solution was concentrated 
to a viscous liquid using a rotary-evaporator and then dried in air. 1H NMR 
spectrum of the product is shown in fi gure 16. 1H NMR (500 MHz, CDCl3):
δ (ppm) 3.3 (s, 3.33, OCH3), 3.6 (m, 20, CH2CH2), 4.2 (d, 1.93, OCH2C(O)), 9.0 
(br, 0.45, COOH).
Figure 16. 1H NMR spectrum of mPEG-COOH in CDCl3.
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Scheme 5. Synthesis of a stabilizer mPEG-SH.
3.1.4. But-PEG-SH
This stabilizer was obtained according to the synthetic procedure for 
mPEG-SH with slight modifi cation: after the addition of water to the dried 
residue the suspension formed was fi ltered, yellow viscous intermediate was 
extracted by ether from the aqueous phase. The product after boiling in a 
solution of centimolar hydrochloric acid in methanol was distilled at 80-90 ºC
under reduced pressure (~0.2 mbar). 1H NMR spectrum of the product is 
shown in fi gure 17. 1H NMR (500 MHz, CDCl3): δ (ppm) 0.9 (t, 0.9, CH3), 1.25 
(d, 1.2, SH), 1.35 (m, 0.98, -CH2-), 1.55 (m, 1.3, -CH2-), 2.7 (m, 0.89, CH2SH), 3.4
(t, 1.0, CH2O), 3.6 (m, 2.4, OCH2CH2O).
Figure 17. 1H NMR (500 MHz) spectrum of But-PEG-SH in CDCl3.
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Figure 18. Experimental setup for a synthesis of amphiphilic CdTe NCs both in water 
and in organic solvents (toluene, dimethylformamide, dimethylacetamide).
3.2. Synthesis of amphiphilic CdTe nanocrystals
3.2.1. Synthesis of CdTe/mPEG-TGA nanocrystals
CdTe NC colloids were synthesized using experimental set-up presented in 
fi gure 18, according to Gaponik et al.[51, 54] Typically, for toluene-based 
synthesis, 0.158 g (0.685 mmol) of Cd(CH3COO)2 were dissolved in 30 ml of 
toluene and 0.756 g (1.78 mmol) of mPEG-TGA were added under stirring. 
The resulted transparent solution was carefully deaerated by bubbling Ar for 
20-30 min. Then H2Te gas, generated by the reaction of 0.05g (0.114 mmol) 
of Al2Te3 with an excess of 0.5M H2SO4, was passed through the solution 
with slow Ar fl ow. The molar ratio of Cd2+/Te2-/mPEG-TGA was 1/0.5/1.3. Fur-
ther nucleation and growth of NCs proceeded by refl uxing at 110ºC under 
open-air conditions. Colloid obtained was purifi ed by reprecipitation proce-
dure using diethylether as a non-solvent. Reprecipitation procedure includes 
addition of excess volume of diethylether (3:1) to the as prepared NPs solu-
tion and centrifugation for 3 min at 13400 rpm. The formed precipitate is 
redissolved in a desired solvent.
Heating
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3.2.2. Synthesis of CdTe/mPEG-SH nanocrystals
Owing to intrinsic amphiphilicity of mPEG-SH stabilizer, synthesis of CdTe NCs 
is achievable in different media: water, dimethylformamide (DMF), dimethyl-
acetamide (DMA), toluene, employing the same procedure and amounts of 
precursors. In the case of aqueous approach Cd(ClO4)2×6H2O was used as a 
Cd source. Additionally, before H2Te gas injection, pH of the precursor solu-
tion was adjusted to 12 by 1M NaOH. In organic media Cd(CH3COO)2 was 
used instead of Cd(ClO4)2×6H2O without pH adjustment. The organics-based 
NC colloids were purifi ed by reprecipitation procedure employing hexane 
as a non-solvent. The aqueous colloids were purifi ed using dialysis against 
Milli-Q water. 
In a typical synthesis in DMA (or DMF), 0.16 g (0.7 mmol) of Cd(CH3COO)2 
and 0.33 g (0.9 mmol) of mPEG-SH (Mw ∼ 366) were dissolved in 30 mL of 
DMA (DMF) followed by deaeration by argon bubbling for 30 min. Under 
vigorous stirring, H2Te gas, generated by the reaction of 0.1 g (0.228 mmol) 
of Al2Te3 lumps with an excess of 0.5 M H2SO4 solution, was injected into the 
reaction mixture with a slow Ar fl ow. The molar ratio of Cd2+/Te2-/mPEG-SH = 
1/1/1.3. Formation and growth of the nanoparticles proceeded upon refl ux. 
The reaction was terminated after the PL maximum reached 640 nm (4 h - 
in DMA, 36 h - in DMF). Purifi cation of NCs was achieved via precipitation by 
a non-solvent (n-hexane). The initial as-prepared solution of QDs was fi rstly 
mixed with the equal volume of diethylether. n-Hexane was added in three-
fold excess. The mixture obtained was centrifuged and the precipitate was 
dried before the dissolution in other necessary solvents.
3.2.3. Phase transfer of CdTe/mPEG-SH nanocrystals
Purifi ed CdTe/mPEG-TGA or CdTe/mPEG-SH colloid which was dissolved in 
toluene was added to water forming 2-phase system (upper layer of CdTe 
NPs in toluene and bottom layer of pure water. After ca. 1 hour the nano-
particles permeated spontaneously from organic phase into water. In the 
same manner performed transfer of CdTe/mPEG-SH nanocrystals from initial 
aqueous solution into chloroform takes 10-12 hours. In both cases the transfer 
can be strongly accelerated by vigorous shaking. Similarly, tri-phase sponta-
neous transport of toluene-based CdTe/mPEG-SH nanoparticles from tolu-
ene through water into chloroform was carried out. 
3.2.4. GUV preparation
As a reference sample for the GUV (giant unilamellar vesicles) experiment, 
hydrophilic CdTe nanoparticles stabilized by thioglycolic acid (TGA) were 
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prepared according to the procedure reported in ref.[51] Before GUV exper-
iment CdTe/TGA nanoparticles were purifi ed by reprecipitation procedure 
described in ref.[54].
GUV preparation with platinum wire is described in detail in ref.[147] Briefl y, 
platinum wires and vials were cleaned by sonication in ethanol for 20 min-
utes. 4 μL of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) solution in 
chloroform (25 mg/ml) and 0.5 μL of dye 3,3’-dioctadecyloxacarbocyanine 
perchlorate (DiO) dye solution in chloroform (1.3 mM) were mixed and 
diluted with 96 μL of chloroform. 5 μL of this mixture were spread onto plati-
num wires. After deposition the wires were dipped into 350 mL of 300mM 
sucrose solution. For electroformation, the platinum wires were exposed to 10 
Hz AC for 1 hour and following 2 Hz AC for 30 min with a 2 V voltage. 
For microscopy LabTek chambers were fi lled with buffer solution (BSA)
(10 mg/mL) for 1 hour for coating. Then 50 μL of GUV solution and 350 μL 
of 1X buffer solution (PBS) were injected into the wells. Afterwards, 5 μL of 
amphiphilic CdTe/mPEG-SH QDs colloid (concentration 8.4x10-5 M) and 10 μL 
of hydrophilic CdTe/TGA QDs colloid (concentration 4x10-5 M) were added 
to different wells. The sizes of CdTe/mPEG-SH and CdTe/TGA QDs were esti-
mated using sizing curve reported in ref.[51] and were 2.9 and 3 nm, respec-
tively.
3.3. Synthesis of Au/mPEG-SH nanoparticles
3.3.1. Two-phase (Brust’s) method with mPEG-SH instead of dodecanethiol.
0.118 g (0.3 mmol) of HAuCl4x3H2O was dissolved in 30 mL of water. 0.328 g 
(0.6 mmol) of tetraoctylammonium bromide (TOAB) as phase transfer agent 
in 80 mL of toluene was added. After the intensive stirring the toluene phase 
turned yellow due to transfer and water phase became colourless. 0.11 g 
(0.3 mmol) mPEG-SH (Table 1b) in 10 mL of toluene was added to the solu-
tion and after 10 min of mixing reduced by 0.114 (3 mmol) NaBH4 dissolved 
in cooled 30 mL of water. Formed brown solution was left stirring overnight. 
After the synthesis Au NCs were accumulated in the aqueous phase.
3.3.2. Direct synthesis of Au/mPEG-SH NCs.
For a preparation of Au/mPEG-SH NCs at a molar ratio of gold/stabilizer = 
1/1, 10 mL of water solution containing 0.1098 g (0.3 mmol) of mPEG350-SH 
(or mPEG500-SH, mPEG750-SH) were vigorously mixed with HAuCl4x3H2O 
(0.118 g, 0.3 mmol) dissolved in 30 mL of H2O, for 10-15 min at room 
temperature (Figure 19). Thereafter 30 mL of the freshly prepared NaBH4
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(0.113 g, 3 mmol) aqueous solution were added to the mixture obtained. The 
reaction mixture turned dark brown and has been stirred overnight. The thus 
prepared gold colloid was fi ltered in order to separate large aggregates 
of NCs. Au nanoparticles were isolated from supernatant by evaporation of 
water on rotor evaporator. The nanocrystals synthesized are soluble both in 
polar and non-polar solvents.
3.3.3. Au/citrate NCs (3±1 nm) 
Au/citrate NCs (3±1 nm) were synthesized according to Braun [148] at room 
temperature: 1 mL of 1% HAuCl4 solution was added to 90 mL H2O. 1 mL of 1% 
trisodium citrate was injected to the precursors after 1 min of stirring. Another 
1 min was followed by reducing with 0.075% NaBH4 in 1 mL of 1% trisodium 
citrate.
3.3.4. Au/citrate NCs (30±10 nm)
Au/citrate NCs (30±10 nm) were synthesized according to Ziegler’s method 
[149]: 2.5 mL of 0.2% HAuCl4 solution in H2O was heated to boiling point and 
then 1 mL of the 1% trisodium-citrate with 0.05% ascorbic acid solution was 
added under intensive stirring. After 5 min boiling it was cooled down.
Figure 19. Experimental setup for a “one-pot” one-phase synthesis of amphiphilic Au 
NCs in water.
NaBH4
HAuCl4   R-SH
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3.3.5. Phase transfer of Au/mPEG-SH nanoparticles
Phase transfer was demonstrated using three solvents of different polarity: 
toluene, water and chloroform. Au NCs being dispersed in toluene were pre-
cipitated by addition of hexane in order to remove unreacted species. After 
subsequent dissolving of gold NPs in toluene, colloid obtained was carefully 
placed on top of water layer poured over chloroform layer in 10 mL vial. The 
NPs have migrated spontaneously from toluene phase via water into chloro-
form without any treatment.
3.3.6. Preparations of polymer fi lms with Au/mPEG-SH nanoparticles
With polystyrene (PS): 0.1 g of commercial PS (Aldrich) was dissolved in 0.5 
mL of toluene and mixed with Au/mPEG-SH NPs. The mixture was dropped 
on the quartz glass and dried in the oven until toluene evaporation forming 
thin fi lm. 
With polyvynilalcohol (PVA): 10% aqueous solution of PVA was mixed with 
Au/mPEG-SH NPs and dried in the oven.
3.4. Synthesis of iron oxide nanocrystals
The general strategy of the Fe3O4 NCs synthesis was pyrolysis of Fe(acac)3 
(Scheme 6) at 280 ºC.
Fe(acac)3 was fi rstly dissolved in the high boiling solvent. The resultant solu-
tion was evacuated for 1 h at 70 ºC and purged with argon at room 
temperature to remove oxygene and subsequently heated to 280 ºC. The 
reaction system was protected by argon fl owing throughout the whole proc-
ess (Fig. 20). Black product was redissolved in toluene and precipitated by 
hexane.[150]
Scheme 6. Formula of Iron (III) acetylacetonate.
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Synthesis 1:
Mixture of 7.2 g (8mmol) of Fe (III) oleate and 1.14 g (4mmol) of oleic 
acid was dissolved in 40 g of 1-octadecene at room temperature. The reac-
tion fl ask with all components was evacuated at elevated temperature
(50-60 ºC) for removing the volatile solvents and fi lled by inert Ar atmos-
phere. It was heated to 320 ºC for 4-5 hours.
Synthesis 2:
Iron acetylacetonate 0.10g (0.28mmol) was added to the solution of Ph2O
18 mL, mPEG350-COOH 0.53g (1.4mmol), oleylamine 0.29g (1mmol). After 
the dearation reaction T = 255-260 ºC during 24 h.
Synthesis 3:
a. iron acetylacetonate 0.04g (0.1mmol), mPEG350-COOH 0.3g (0.8mmol), 
dodecylamine 0.056g (0.3mmol), mPEG-OH (MW 350) 4mL, T = 280 ºC, 5 
hours.
b. iron acetylacetonate 0.04g (0.1mmol), mPEG750-COOH 0.62g (0.8mmol), 
dodecylamine 0.06g (0.3mmol), mPEG-OH (MW 350) 7mL, T = 290 ºC, 5 
hours.
Figure 20. Experimental setup for a synthesis of amphiphilic Fe3O4 NCs.
Heating
Argon
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3.4.1. Phase transfer of Fe3O4 nanocrystals
Phase transfer was demonstrated using three solvents of different polarity: 
toluene, water and chloroform. Fe3O4 NPs being dispersed in toluene were 
precipitated by addition of hexane in order to remove unreacted species. 
After subsequent dissolving of iron oxide NPs in toluene, colloid obtained was 
carefully placed on top of water layer which respectively was poured on to 
chloroform layer in a 3 mL vial. The NPs have migrated spontaneously from 
toluene phase via water into chloroform without any treatment.
3.5. Characterization of nanocrystals
UV-Vis absorption spectra were collected with a Cary 50 spectrophotom-
eter (Varian Inc., Palo Alto, USA). Fluorescence spectra were measured at 
room temperature using a FluoroMax-4 spectrofl uorimeter (HORIBA Jobin 
Yvon Inc., Edison, NJ, USA). All spectra were taken at room temperature. 
The photoluminescence quantum effi ciency (PL QEs) of the CdTe nanoc-
rystal solutions were estimated according to the procedure described in 
ref.[151] by comparison with Rhodamine 6G and Rh101 in ethanol assuming 
their PL QEs to be 95 and 96%, respectively. PL life times were measured by 
FluoroCube Time Correlated Single Photon Counting (TCSPC) HORIBA Jobin 
Yvon.
Powder X-ray diffraction (XRD) measurements were carried out with a D5000 
diffractometer (Siemens, Cu Kα radiation). Samples for XRD were made by 
placing fi nely dispersed powders of nanocrystals on a standard Si wafer.
FT-IR spectra were recorded on a Thermo Nicolet Avatar 360 spectrometer. 
TEM images were obtained on a Tecnai T20 microscope (FEI) and on a 
EM208 microscope (Philips), operating at 200 kV and 100 kV, respectively. 
Samples for transmission electron microscopy (TEM) were prepared by drop-
ping diluted nanoparticle solutions in toluene on to copper grids coated 
with a thin Formvar-carbon fi lm with subsequent evaporation of the solvent. 
Synthesis 4:
iron acetylacetonate 0.04g (0.1mmol), mPEG-OH (MW 350) 7mL, T = 280-285 
ºC, 5 hours.
Synthesis 5:
iron acetylacetonate 0.04g (0.1mmol), mPEG750-COOH 0.62g (0.8mmol), 
mPEG-OH (MW 350) 8mL, T = 280-285 ºC, 5 hours.
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Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DRX 
500 P, 500 MHz for 1H-NMR. 
Dynamic light scattering (DLS) and zeta-potential measurements were per-
formed at room temperature using a Beckman Coulter Delsa Nano C Parti-
cle Analyzer instrument having a He-Ne laser at a wavelength of 632 nm. All 
colloids were fi ltered through Millipore membranes (0.2 μm pore size) before 
the measurements. 
Confocal microscopy images were acquired using Zeiss LSM 510 Meta micro-
scope equipped with a 40X NA 1.2 UV-VIS-IR C-Apocromat water-immersion 
objective (Zeiss) and a 488 Argon-Ion laser with 10% power as an excitation 
source. NFT 545 fi lter was used to separate the signals from green emitting 
dye DiO and orange fl uorescing QDs. For additional fi ltering band pass 
505-550 was employed for green emission and long pass 585 - for orange 
emission. Imaging was performed immediately after QDs addition and in 1, 
2, 3, 4, 5 hours after addition as well as after overnight incubation. Nearly 400 
GUVs were observed after 5 hours and overnight incubation.
Dark fi eld microscopy imaging was carried out in a Carl Zeiss Axio Scope 
upright microscope using an oil condenser (Carl Zeiss Achroplan) and 
equipped with a digital camera (Panasonic Lumix DMC FZ50).
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As it was shown in the literature overview, there is a demand for new straight-
forward approaches for stabilization and solubilization of various nanopar-
ticulate materials in their colloidal form, that pave way for fabrication of 
materials possessing compatibility with wide range of dispersing media. 
Therefore in this thesis a new general method to form stable nanocrystals in 
water and organics using amphiphilic polymers generated through simple 
and low cost methods is presented and discussed. Amphiphilic coating 
agents are formed using a thiolated polyethylene glycol methyl ether 
(mPEG-SH) as a starting material. These materials are available with a wide 
variety of chain lengths. PEG size infl uences physiological stability and bio-
compatibility of entire nanoparticle.
The amphiphilic PEG-based polymers are generally commercially avail-
able for relatively low prices that make them more attractive in compari-
son to other molecules such as peptides and phospholipids in large-scale 
preparation.
The incorporation of poly(ethylene glycol) has been well-known as the best 
method to obtain water-soluble and biocompatible materials because of its 
high solubility in aqueous media, non-toxicity, easy clearance from the retic-
uloendothelial system and low immunogenicity.[152] PEG not only enhances 
the aqueous solubility of the QDs but also reduces nonspecifi c adhesion to 
biological cells. Pegylation has been proven to be fully compatible with QD 
surface chemistries and is bound to play a prevalent role when optimizing in 
vivo pharmacokinetics of QD bio-probes.
The method of obtaining of amphiphilic NPs is quite general, and below 
we demonstrate the technique using our model systems comprising semi-
conductor CdTe nanocrystals as well as nanoscale noble metal (Au) and 
magnetic (Fe3O4) nanoparticles. This approach is based on anchoring PEG 
segment to the surface of nanoparticle to form an amphiphilic palisade. 
Anchoring is realized via interaction of -SH (for CdTe and Au) or -COOH (in 
the case of magnetite) functional groups with particle’s surface. The result-
ing amphiphilicity of the nanocrystals is an inherent property of their sur-
face and it is preserved also after careful washing out of solution of any 
excess of the ligand. The nanocrystals reversibly transfer between different 
phases spontaneously, i.e. without any adjustment of ionic strength, pH or 
composition of the phases. Such reversible and spontaneous phase transfer 
of nanocrystals between solvents of different chemical nature has a great 
potential for many applications as it constitutes a large degree of control of 
nanocrystals compatibility with technological processes or with bio-environ-
ments such as water, various buffers and cell media as well as their assembly 
and self-assembly capabilities.
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4.1.1. CdTe/mPEG-TGA
The well-developed aqueous synthesis of thiol-capped CdTe NCs was 
chosen as a starting system for the purpose of the present work.[51] Since TGA 
is known as one of the best ligands for these particles, the fi rst amphiphilic 
ligand developed here was the ester of TGA and methoxypolyethylene 
glycol (mPEG) (Table 1a, Experimental Part). This mPEG-TGA ester is readily 
soluble both in water and in nonpolar organics (toluene, chloroform). The 
addition of this ligand to an aqueous colloidal solution of CdTe NCs stabi-
lized with short chain thiols (TGA, mercaptopropionic acid) resulted in the 
spontaneous phase transfer of these nanoparticles into the organic phase 
(toluene) thus confi rming the ability of this stabilizer to serve as a phase trans-
fer mediator. 
In a second step the synthesis of the nanoparticles was performed in water 
in the presence of this mPEG-TGA ligand only. The properties of the evolving 
well emitting CdTe nanocrystals were comparable to those prepared with 
pure TGA. However, no amphiphility was observed. 
To understand, which possible chemical transformations might happen with 
a mPEG-TGA during a synthesis a detailed FTIR investigation of these mol-
ecules before and after boiling at reaction conditions was performed. The 
results (Figure 21) showed that the ester bond of mPEG-TGA is not stable 
and breaks during boiling in water at a relatively high pH used. Indeed, the 
spectrum of hydrolysis products does not show the band corresponding to 
C=O bond vibration at 1700-1735 cm-1, which is characteristic for carboxyl 
and ester groups, confi rming decomposition of ester group due to hydroly-
sis. Most probably the growing nanocrystals were stabilized by TGA being 
formed as a product of the hydrolysis of the ester. The stabilization by TGA 
can explain a formation of strongly emitting and stable, but not amphiphilic 
colloidal particles.
4.1. Synthesis and Characterization of Amphiphilic
CdTe nanocrystals
The synthesis of CdTe nanocrystals capped with thiolated methoxypoly-
ethylene glycols (Table 1 in Experimental Part) can be performed both in 
aqueous and organics media (toluene, dimethylacetamide (DMA), dimeth-
ylformamide (DMF)). The nanocrystals obtained are found to be compatible 
with a variety of solvents. 
Up to date, there is no report on a direct synthesis of QDs with mPEG-SH 
used as a stabilizer. This method would be very useful to avoid the ligand 
exchange step and obtain amphiphilic QDs in one-pot way.
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In order to avoid this hydrolysis, in a third step the synthesis with mPEG-TGA 
as the stabilizer molecule was performed in water-free toluene.
Figure 21. IR-spectra of mPEG 350 and TGA (as the references), mPEG-TGA ester, the 
product of mPEG-TGA hydrolysis after boiling at 100 ºC for 24h in water solution at 
pH 12. 
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The resulting nanocrystals are small (below ca. 2 nm according to sizing 
curve shown in ref. 2) and possess moderate band-gap emission in the green 
spectral region (PL QY is ca.13%) together with a pronounced trap-related 
emission appearing as a shoulder to the low energy side of the band-gap 
emission (see Figure 22). The appearance of additional absorption maxi-
mum at ca. 428 nm can be attributed to the formation of small molecular-
like species (so named nanoclusters) which were not further explored in the 
framework of the present study.
Figure 23. XRD pattern of CdTe/mPEG-TGA nanocrystals synthesized in toluene. The 
line spectra show the bulk cubic CdTe refl exes.
The powder XRD (Figure 23) revealed the main features of very small crystal-
lites exhibiting the cubic phase of CdTe. The refl exes are shifted to the larger 
angles, indicating formation of CdS crystal phase, which is characteristic for 
thiol-capped CdTe nanocrystals.[50, 51, 54] This synthesis was relatively slow 
and larger sized particles were not achieved even under prolonged refl ux. 
After separating from the remaining excess of ligand and reaction by-prod-
ucts (multiple precipitations with diethyl ether, centrifugation and dissolving 
in pure toluene) the nanoparticles were found to be spontaneously soluble 
also in water. However, the reversible transfer from water into nonpolar 
organics is possible only by addition of the excess of mPEG-TGA.
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4.1.2. CdTe/mPEG-SH
As the use of the ester in the aqueous synthesis has to be avoided, another 
closely related ligand was synthesized by the direct thiolation of the mPEG. 
Obtained mPEG-SH (Table 1b, Experimental Part) molecules show solubility 
in water and in nonpolar solvents and may be used as a post-preparative 
phase transfer mediator similar to mPEG-TGA. The nanoparticle synthesis in 
the presence of mPEG-SH was successfully performed both in water and 
in toluene. In both cases we still were not able to grow the nanocrystals 
larger than 2 nm. However, the optical quality of mPEG-SH stabilized CdTe 
NCs (pronounced absorption maxima, almost no trap emission) is doubtless 
superior than that of the mPEG-TGA stabilized nanoparticles synthesized in 
toluene (see Figure 24). As awaited, mPEG-SH imparts inherent amphiphilic-
ity to the nanoparticles. Moreover, the nanocrystals prepared with this ligand 
in water are compatible with most of the common polar and nonpolar sol-
vents. It was literally impossible to fi nd any “bad solvent” to perform common 
size-selective precipitation procedure for their cleaning. These NC colloids 
were purifi ed solely by dialysis.
TEM images of green-emitting CdTe/mPEG-SH NCs synthesized in toluene 
show that their averaged size is about 2 nm in diameter (see Figure 25). It is 
clearly seen, that the particles are almost spherical in shape. However, the 
formation of some aggregates and merged bigger nanocrystals could not 
be excluded.
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Figure 25. TEM image of green-emitting CdTe/mPEG-SH NCs.
In order to achieve size control and to grow bigger nanoparticles following 
investigations have been performed. As the syntheses performed in tolu-
ene and water proceeded at 110°C and 100°C respectively, these rela-
tively low temperatures may limit the growth of NCs by size of ~2 nm. 
Employing as solvents DMF and DMA possessing higher boiling temperature
(Tbp of DMF = 153.1
oC, Tbp of DMA = 166.1
oC) [153] allows obtaining CdTe NCs 
with average diameter of up to ~4 nm emitting in a wide spectral region 
from 540 to 640 nm (Fig. 26). Absorbance and PL spectra of CdTe/mPEG-SH 
colloids grown in DMA are shown in Fig. 27.
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Interesting that in DMA the growth of nanoparticles is app. 10 times faster 
than that in DMF (PL maximum of 640 nm was reached in 4 h for reaction 
in DMA and in 41 h for DMF) (see Fig. 28), at the same time the difference 
between their boiling temperatures is only 13oC (see above). This observa-
tion suggests that besides the temperature of the reaction mixture impor-
tant role plays solvation ability of the medium towards precursors and nuclei. 
DMA and DMF are known as coordinating solvents which act as n-donors 
and thereby are good for solving cations.[153] Thus DMA possessing higher 
boiling point, donor number (Lewis basicity) and dielectric constant (in terms 
of polarity) in comparison with DMF, facilitates growth rate of CdTe nanocrys-
tals to a greater degree. The difference in growth rates could be explained 
by different diffusion of the monomers to the CdTe nuclei and different stabil-
ity of CdTe-thiol complexes.
Hydrophobic/Hydrophilic Switchable Nanoparticles for Bioimaging 50
4. RESULTS AND DISCUSSION
Figure 29 shows PL decay curves for amphiphilic CdTe in three solvents 
used for the phase transfer - toluene, chloroform and water (see below). 
All decay curves exhibit multiexponential recombination kinetics, which has 
been observed for different kinds of II-VI nanocrystals [154, 155]. For exam-
ple, a distribution of decay times causing nonexponential decays in CdTe 
NCs has been generally discussed in terms of a variation in the nonradiative 
decay rates caused by trap states [156]. As it seen from the fi gure, the aver-
age PL decay times increase steadily in a series chloroform-water-toluene: 
the average time constants are 12.04, 18.4 and 19.2 ns, respectively. 
Figure 29. PL life-time spectra of CdTe/mPEG-SH NCs in water, toluene and 
chloroform.
Synthesis in both DMA and DMF results in a relatively broad size distribution 
of CdTe/mPEG-SH QDs in comparison with those synthesized in aqueous 
media. TEM image of CdTe/mPEG-SH NCs synthesized in DMA reveals their 
good crystallinity and average size of 4 nm (Fig. 30). 
Figure 30. TEM image of CdTe/mPEG-SH NCs synthesized in DMA.
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The irregular shape and broad size distribution of the nanoparticles observed 
may result from their partial aggregation and merging. The presence of dif-
ferent size fractions is proven also by relatively broad (FWHM in the range of 
55-80 nm) PL emission spectra as well as by PL excitation (PLE) spectroscopy 
(see Fig. 31). In contrast to absorption and PL measurements, the PLE method 
enables distinguishing of several species sensitive for some certain PL excita-
tion wavelength. 
Figure 31. PL excitation spectra of CdTe/mPEG-SH QDs, scanned PL wavelengths 
from 510 to 680 nm. 
The XRD pattern of CdTe NCs synthesized in DMA reveals their crystalline 
structure assigned to face-centered cubic (fcc) CdTe lattice (fi g. 32). In con-
trast to the pattern of smaller NCs formed in toluene (see fi g. 23), this spec-
trum exhibits distinct (220) and (311) refl exes. The shoulder located at about 
22o in the XRD pattern indicates the fi rst stages of the formation of the CdTe 
hexagonal phase.[157]
Figure 32. XRD pattern of CdTe/mPEG-SH nanocrystals (orange emitting) 
synthesized in DMA. The line spectra show the bulk cubic CdTe refl exes.
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4.1.3. CdTe/But-PEG-SH
In order to show tuneability of hydrophobic-hydrophilic properties of CdTe 
NCs, the synthesis employing But-PEG-SH stabilizer has been performed 
in the same way as for CdTe/mPEG-SH colloid. Butyl group in this case 
enhances hydrophobic properties of the stabilizer and consequently of 
resulting nanoparticles, especially impacting their solubility in water. Indeed, 
although resulting nanoparticles are amphiphilic, they form rather emulsion 
as a true colloidal solution in aqueous media.
Absorption and photoluminescence spectra of as prepared CdTe/But-
PEG-SH NC colloid in DMA are shown in Fig. 33. This synthetic approach pro-
vides NCs emitting with PL maximum of up to 650 nm. Samples show a well 
resolved absorption maximum of the fi rst electronic transition indicating a 
suffi ciently narrow size distribution of the CdTe QDs which shifts to the longer 
wavelengths with increasing size of the NCs as a consequence of the quan-
tum confi nement.
Figure 33. Absorption and PL spectra of amphiphilic CdTe/But-PEG-SH in DMA. 
Inset values show heating time.
PL lifetime measurements of But-PEG-SH capped CdTe NCs were carried out 
in H2O and in toluene. In the case of aqueous colloid, one observes a signifi -
cantly faster PL decay (Fig. 34). Averaged PL lifetimes are of 13.3 and 26.3 ns 
in water and in toluene respectively. We may assume that luminescence life-
time of CdTe/But-PEG-SH decreases due to the interaction of particles being 
in close proximity to each other in formed emulsion drops (micelles) leading 
to nonradiative energy loss.
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Figure 34. PL life-time spectra of amphiphilic CdTe/But-PEG-SH NCs in H2O and 
in toluene.
As is seen from TEM overview (Fig. 35) the nanoparticles obtained possess 
average size of about 5-6 nm. HRTEM reveals their crystalline structure and 
formation of small aggregates similar to the above described cases.
Figure 35. TEM overview and HRTEM (inset) images of But-PEG-SH-capped CdTe NCs. 
4.1.4. Stability of CdTe/mPEG-SH compared to CdTe/TGA
In order to assess applicability of the amphiphilic CdTe nanocrystals for the 
bio-imaging and other related applications comparative photostability test 
was performed using colloidal solutions of CdTe/TGA and CdTe/mPEG-SH NCs. 
The solutions possessing equal concentrations were exposed to the UV-lamp 
at 365 nm monitoring their absorption and photoluminescence properties.
Hydrophobic/Hydrophilic Switchable Nanoparticles for Bioimaging 54
4. RESULTS AND DISCUSSION
Figure 36. Absorption (top) and PL (bottom) spectra of CdTe/mPEG-SH (left) and 
CdTe/TGA (right) NC colloids under the UV-lamp (365 nm) during the stability test. 
Illumination times are in top right hand corner.
Figure 36 demonstrates changes of optical properties of these two types 
of CdTe NCs. As is seen from the spectra, absorption and luminescence of 
CdTe/mPEG-SH NC colloid experience blue shift, accompanied by strong 
luminescence quenching. These changes suggest partial degradation of 
the particles’ surface via photo-oxidation processes that also leads to the 
creation of surface trap states diminishing PL effi ciency. Nevertheless, even 
by the partial corrosion of the inorganic core, entire particle preserves its 
colloidal stability, that follows from the absence of the scattering part in 
absorbance spectra after 28 hrs of UV-light irradiation. Additional absorp-
tion features at short wavelengths characteristic for initial CdTe/mPEG-SH 
NC colloid (e.g. at ca. 428 nm) disappear likely due to dissolution of the small 
clusters, which usually possess lower stability than larger particles [54].
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Quite opposite behaviour exhibit CdTe/TGA NCs treated in the same condi-
tions: the position of absorbance and luminescence maxima are virtually 
unaltered indicating stability of the CdTe core. At the same time NCs upon 
irradiation show remarkable tendency to aggregation indicated by scatter-
ing part in their absorbance spectra after 8 h of exposure. PL intensity of 
CdTe/TGA NC colloid enhances owing to photochemical etching of surface 
trap states in accordance to previous observations.[54, 158, 159]
These results imply, that mPEG-S- ligand binds to the surface of NCs weaker 
than HOOC-CH2-S-, providing labile and reversible attachment which makes 
core accessible for corroding species. At the same time, this ligand’s shell 
itself is much more robust against photo-oxidation than that formed by TGA 
and maintains overall colloidal stability of nanoparticles.[54]
Figure 37. Photograph of colloidal CdTe/mPEG-TGA NC colloids under day-light with 
UV-light: A. As-prepared QDs in toluene. B. Phase transfer of CdTe from toluene 
(upper layer) into water (bottom layer).
4.2. Amphiphilic properties of CdTe NC colloids
4.2.1. CdTe/mPEG-TGA
By mixing the as-prepared toluene colloidal solution of CdTe/mPEG-TGA NCs 
with water fast spontaneous transfer of nanoparticles has been observed 
(fi g. 37). In order to prove complete migration of the particles the toluene 
and water layers were separated. No emission was detectable for the tolu-
ene part, all QDs were found in the aqueous solution. However, reversible 
transfer from aqueous into organic phase can not be achieved sponta-
neously and may be performed only by addition of excessive amount of 
mPEG-TGA. 
a b
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4.2.2. CdTe/mPEG-SH
As was mentioned above, CdTe/mPEG-SH nanoparticles synthesized in water 
possess high compatibility with various solvents. It is literally impossible to pre-
cipitate them, which makes their size selective precipitation and cleaning 
(by precipitation-redissolution) challenging. Advantageously, the same nan-
oparticles synthesized in toluene may be precipitated by hexane or diethyl 
ether in order to perform size-selection and to remove unreacted species. 
These size-selected particles can be easily redissolved both in pure water 
and in toluene. As is shown in Figure 38, these NCs being redissolved in tolu-
ene migrated spontaneously into the water phase during ca. one hour (or 
during only several minutes upon shaking bi-phase mixture). Moreover, in 
contrast to CdTe/mPEG-TGA sample discussed above, CdTe/mPEG-SH NCs 
being completely transferred into pure water were able (equally spontane-
ously and completely) to transfer into the next nonpolar phase - chloroform 
which is known to be better solvent for many organic substances than tolu-
ene. It should be noted that the toluene-water transfer is much faster than 
water-chloroform one, that may result from stronger affi nity of nanoparticles 
to hydrophilic than to hydrophobic media. The process of water-chloroform 
transfer is accompanied by formation of clearly seen intermediate emulsion 
layer between two phases (see Figure 38). This effect could be ratioanalized 
as follows: in toluene, the NCs surrounded by mPEG are dissolved mainly 
via nonpolar (van der Waals) interactions between solvent and hydrocar-
bon moieties of mPEG and some dipole-induced dipole interactions involv-
ing the aromatic ring of toluene.In water, much stronger hydrogen bond 
interactions between water and PEG ether oxygen exist. During transfer 
to chloroform, these hydrogen bonds have to be broken and replaced 
by dipole-dipole interactions between chloroform and PEG oxygen atoms 
(whereby water molecules set free, producing entropy). This transfer process 
can be expected to require more time (because of activation energy) than 
that from toluene to water.
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Figure 38. Photographs of vials demonstrating spontaneous tri-phase transfer of 
CdTe/mPEG-SH NCs from toluene through water into chloroform with time under UV 
and day light excitation (top) and under UV light (365 nm) only (bottom). 
The same amphiphilic behaviour was proven also for CdTe NCs of larger size 
synthesized in DMA and DMF. For example, as prepared CdTe/mPEG-SH QDs 
were precipitated from DMA by addition of hexane/diethyl ether mixture. 
After subsequent dissolving of nanoparticles in toluene, colloid obtained 
was carefully placed on top of water layer poured over chloroform layer. 
The amphiphilic QDs have spontaneously transferred from toluene phase via 
water into chloroform without any treatment (Fig. 39). This experiment addi-
tionally confi rms stability and retained amphiphilicity of ligand shell during 
NCs synthesis under relatively high temperature.
Figure 39. Photographs of vials demonstrating the spontaneous triphase transfer of 
CdTe/mPEG-SH NCs from toluene through water into chloroform with time under UV 
light (365 nm).
Toluene
Water
Chloroform
start 30 min 4 h 8 h 16 h
Toluene
H2O
CHCl3
start 30 min 2 h 5 h
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4.2.3. Comparative study of phase transfer of CdTe NCs stabilized by
mPEG-SH of different molecular weights
The colloids of CdTe NCs capped by mPEG-SH with molecular masses 350, 
500 and 750 were compared by means of the transfer rate in tri-phase 
system toluene-water-chloroform.
As is seen from Figure 40, after 2.5 hours the toluene layer in the vial with 
CdTe/mPEG350-SH becomes less concentrated faster than in vials with two 
other colloids. The colloid stabilized with the shorter polymer chain needs 
less time to be transferred from toluene to water but then its migration speed 
is decreased. Colloids stabilized by longer chain polymers, possessing higher 
affi nity to organic phase than to the aqueous, show opposite behaviour. 
As a result, the accumulation of the latter particles in chloroform phase is 
observed at relatively shorter time interval. 
Figure 40. Photographs of tri-phase transfer of CdTe/mPEG-SH 350, 500 and 750 NCs 
in time - 2.5 h (a) and 7.5 h (b) (under UV-light).
4.2.4. CdTe stabilized by But-PEG-SH
All previous attempts to obtain particles capable of transferring from 
organic phase to water phase were successful. More limitations appear for 
the attempts to transfer nanoparticles in opposite direction. For example, 
although water-chloroform transfer was successful, our attempt to transfer 
nanoparticles from water back into toluene or hexane failed. Using of the 
next stabilizer made it fi nally possible.
As is seen from fi g. 41, the aqueous solution of CdTe/But-PEG-SH NCs is turbid 
suggesting a formation of emulsion. Nevertheless, being emulsifi ed colloid 
obtained retains its emission properties.
Toluene
H2O
CHCl3
a b
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Figure 41. Photos of amphiphilic aqueous CdTe/But-PEG-SH NC colloids under day 
light (a) and under UV-light (b, c, d) immediately after dissolving in water (a, b) and 
after 1(c) and 2 hours (d).
The emulsion of CdTe/But-PEG-SH NPs is stable without agitating for 1-2 hours. 
Figure 41 c, d demonstrates sedimentation of the particles in water. The result-
ing precipitate is redispersible in different polar (except of water) and soluble 
in non-polar solvents.
Amphiphilicity of the synthesized colloid was checked using two-phase 
system consisting of water, where the CdTe was redispersed, and toluene 
(Fig. 42) or hexane (Fig. 43) as the second solvent. The emission of the trans-
ferred CdTe NCs was monitored by periodical camera shots after 20 minutes, 
1 and 4 hours. The transfer from water to organic phase was spontaneous 
and fast for toluene (1 hour) and slower in the case of hexane. In addition, 
the fi nal solution of CdTe/But-PEG-SH in hexane formed less homogeneous 
layer as compared to the case of toluene. It could be explained by relatively 
lower solubility of the crystals in hexane due to its lower polarity as well as 
due to water traces present in (adsorbed by) the stabilizer shell, which affect 
effi cient interaction between PEG chains and hexane.
Figure 42. Images of the phase transfer for CdTe/But-PEG-SH from water to toluene.
Toluene
H2O
start 20 min 1 h 4 h
start 20 min 1 h 4 h
Toluene
H2O
Day light
UV-light
Hydrophobic/Hydrophilic Switchable Nanoparticles for Bioimaging 60
4. RESULTS AND DISCUSSION
Figure 43. Images of the phase transfer for CdTe/But-PEG-SH from water to n-hexane.
4.2.5. Interaction of giant unilamellar vesicles with amphiphilic
CdTe nanocrystals
In this part the preliminary results obtained on interaction of the amphiphilic 
CdTe nanocrystals with the unilamellar vesicles are presented. These vesicles 
provide a suitable system for mimicking the confi nements in cells or in the 
extracellular space. By this, one of the most useful model systems to study 
membrane dynamics is giant unilamellar vesicles (GUVs). The fi rst protocol for 
the preparation of GUVs was issued by Dowben et al. in 1968 [160] and sub-
sequently improved by Angelova et al., who developed the electroforma-
tion technique.[161, 162] Afterwards, they have been synthesized by various 
ways and used for several applications such as investigations of membrane 
lipid dynamics, lipid-protein interactions and membrane mechanics.[163] 
For GUV experiment orange emitting mPEG-SH stabilized CdTe NCs with 
PL maximum at 610 nm were chosen in order to distinguish their lumines-
cence from green emitting dye 3,3’-dioctadecyloxacarbocyanine perchlo-
rate (DiO). DiO was used as a non-penetrating agent able to stick to the 
surface of the formed vesicles as it is usually applied as a lipophilic fl uores-
cent stain for labeling membranes. As a control sample aqueous CdTe NCs 
stabilized with TGA possessing similar size were used. Optical characteristics 
of both NC samples are shown in Fig. 44. CdTe/TGA NCs bear on the sur-
face deprotonated carboxyl groups and hence possess negative charge. 
In addition, quite stable bonding of the TGA stabilizer to the nanocrystal 
surface imparts high colloidal stability against deterioration. Zeta potential 
Hexane
H2O
start 20 min 1 h 4 h
start 20 min 1 h 4 h
Hexane
H2O
Day light
UV-light
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measurements of CdTe/TGA NCs reveal the value of -65 mV. On the contrary, 
amphiphilic CdTe nanoparticles have low positive zeta potential of 4 mV,
which favours their versatile solubility and should prevent their aggregation 
via electrostatic interaction in biological media. Short chain length of 
mPEG-SH (H3C-(O-CH2-CH2)7-SH) molecule assures quite small size of resulted 
nanoparticles which is also benefi cial for biological applications. The diam-
eter of amphiphilic QDs was calculated to be of 8.7 nm including the fully 
extended mPEG-S- chains. Such small size is advantageous for using CdTe 
NCs because it favors their penetration through the membrane.
In order to evaluate the ability of QDs to permeate through lipid bi-layer, 
GUVs prepared via electroformation were incubated in diluted QD colloids. 
The images obtained during 5 hours of confocal microscope observation 
are shown in Fig. 45, where black circles are “empty” vesicles and circles 
colored red are vesicles containing QDs. As is seen from fi gure, already in 1 
h some vesicles started QDs uptake. After 5 hours incubation approx. 40% 
of the GUVs took up amphiphilic nanoparticles. After overnight incubation 
ca 60% of the vesicles contained QDs. It should be noted that even after 
overnight exposure QDs have still retained their emission. Control experiment 
performed with CdTe/TGA nanoparticles did not reveal their uptake by vesi-
cles. Moreover, we observed some deformation of GUVs after addition of 
the hydrophilic QDs. This data clearly show that amphiphilic CdTe/mPEG-SH 
NCs are able to penetrate through the membrane. In order to understand 
the penetration thoroughly, it is planned to perform test on living cells inves-
tigating diffusion characteristics of the amphiphilic QDs by fl uorescence cor-
relation spectroscopy.
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Figure 45. Confocal microscopy images taken during 5 hours observation of GUVs 
immersed in CdTe/mPEG-SH NCs colloid (false coloring: green is DiO, red is QDs).
Conclusions to the chapters 4.1.-4.2.
It has been demonstrated that with the proper design and the fi ne tuning 
of its structure ligand such as thiolated polyethylene glycol enables the syn-
thesis of semiconductor CdTe nanocrystals in water as well as in a variety of 
organic solvents. Employment of high-boiling coordinating solvents dimethy-
lacetamide and dimethylformamide allows obtaining QDs emitting in wide 
visible region of 540-640 nm with enhanced quantum yield of up to 30%. 
mPEG-SH stabilizer developed facilitates the reversible transfer between 
liquid phases of different polarity while maintaining the emission properties 
of the CdTe nanocrystals. No further adjustments of the solvent content such 
as the addition of other surface active species are needed. 
It has been shown that QDs synthesized are able to permeate through lipid 
bi-layers of GUVs and might be good candidates for tracking whole cells 
and intracellular processes escaping endocytic uptake mechanism. 
4.3. Synthesis and characterization of Au/mPEG-SH Nanoparticles
For a synthesis of amphiphilic gold nanocrystals well-known two-phase Brust 
approach has been used in its modifi ed [83] form. By using the classical pro-
tocol including mixed toluene/water solvent and tetraoctylammonium bro-
mide (TOAB) as a phase-transfer agent, it was observed that at the end of 
reaction gold NPs capped with mPEG-SH were collected in the aqueous 
phase. It should be noted, that original Brust’s dodecanethiol stabilized 
nanocrystals are soluble in toluene. Therefore our method was simplifi ed by 
excluding of toluene phase and the TOAB. Thus facile one phase aqueous 
synthesis providing stable gold NPs colloids employing gold precursor, stabi-
lizer and reducing agent has been developed. In contrast to another well 
known “citrate” aqueous synthesis, the present protocol provides a great 
advantage typical for Brust’s approach, such as the resulting amphiphilic 
nanoparticles may be easily concentrated. Literally no solubility limit was 
observed for these nanoparticles both in pristine aqueous media and after 
Hydrophobic/Hydrophilic Switchable Nanoparticles for Bioimaging 63
4. RESULTS AND DISCUSSION
transfer into unpolar organics. Moreover, the procedure of nanoparticle 
cleaning from unreacted species (e.g salts) may be simply performed by 
nanoparticles transfer between media of different polarity.
In order to achieve proper amphiphilicity of nanoparticles (i.e. favorable bal-
ance between hydrophilic and hydrophobic properties) we applied three 
mPEG-SH stabilizers with different chain lengths: (H3C-(O-CH2-CH2)n-SH), n~7 
for mPEG350-SH, n~11 for mPEG500-SH, n~16 for mPEG750-SH. Syntheses were 
monitored by UV-Vis spectroscopy. Absorption spectra of gold NPs capped 
with different thiolated mPEGs are presented in Figure 1. As is seen from 
fi gure, the longer mPEG chain the less pronounced gold plasmon band 
suggesting decrease of nanoparticles’ sizes with increasing polymer chain 
length[164]. TEM observation confi rmed this assumption: average diameters 
of Au/mPEG350-SH, Au/mPEG500-SH and Au/mPEG750-SH NPs obtained at 
a molar ratio of Au/stabilizer = 1/1 were found to be 3.9, 2.6 and 2.4 nm, 
respectively. The similar tendency was observed by Shimmin et al. and 
explained by acceleration of the particle nucleation rate at very early 
stages of reduction by possible coordination of ethylene glycol units with 
gold atoms.[94] Larger polar polymers consisting of larger number of mono-
mer units enhance this effect. Therefore, the larger particles are formed in 
the presence of the shorter polymer mPEG350-SH. These NPs possess quite 
pronounced surface plasmon band at around 520 nm which retains its posi-
tion in different solvents (see Figure 46).
Figure 46. Absorption spectra of amphiphilic Au NPs stabilized by mPEG-SH of different 
molar weights in water and after their redissolving in toluene and chloroform.
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This independency of the plasmon position from surrounding media is in 
contrast with predictions of Mie theory and experimental results previously 
reported.[165] We may suggest that local proximal surrounding (i.e. hydrated 
polyethylene glycol shell) of gold particles remains essentially the same in 
different solvents. This hypothesis is confi rmed by DLS measurements: mean 
average diameter of Au/mPEG350-SH nanocrystals was determined in tol-
uene as high as 70 nm, in water - 40 nm, in chloroform - 20 nm. At the 
same time, estimated from TEM images sizes of particles including the fully 
extended mPEG-S- chains are 9.7, 11.2 and 14.6 nm for Au/mPEG350-SH, 
Au/mPEG500-SH and Au/mPEG750-SH, respectively.
Gold NPs obtained in presence of mPEG-SH form very stable colloids. It was 
diffi cult to precipitate the as prepared nanoparticles from aqueous solution 
due to their inherent amphiphilicity. Therefore in order to purify colloid, fi rstly 
water was evaporated, thereafter waxy viscous product of deep brown 
color was dissolved in toluene with subsequent precipitation of NPs by addi-
tion of hexane. The resulting precipitate of nanoparticles was easily soluble 
in polar and non-polar media: acetone, water, alcohols, toluene, mesity-
lene, chloroform etc. Owing to high colloidal stability signifi cant concentra-
tions of colloids are achievable. This versatile solubility of Au NPs facilitates 
their processing. For example, these nanoparticles easily form composites 
with both water soluble polymers like polyvinyl alcohol (PVA) and those 
organics soluble such as polystyrene (PSt). Composite with PVA was formed 
by mixing and subsequent drying of aqueous solutions of both polymer and 
NPs, whereas composite with PSt was formed by mixing of NPs with polysty-
rene toluene solution and subsequent evaporation of the solvent. Figure 47 
shows absorption spectra of Au/mPEG350-SH NPs in different solvent and 
polymer surroundings. The shift of plasmon band from 520 in liquid media 
to 534 nm in solid PVA and PSt is presumably caused by the change of 
the refractive index of the medium and the increase of its dielectric con-
stant due to high concentration of NPs in polymer matrix and their resulting 
dipole-dipole interaction.[166]
Figure 47. Absorption spectra of Au/mPEG350-SH NPs dispersed in different media.
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Variation of initial ratio of gold/stabilizer allows for control of particle 
sizes. This synthesis obeys general rule: the higher content of stabilizer the 
smaller NPs formed. TEM observation provides following mean diameters of 
Au/mPEG350-SH nanocrystals: 3.9, 3.1 and 2.5 nm for gold/stabilizer ratios 
1/1, 1/2 and 1/3, respectively (Figure 48). As is seen from TEM images, small 
NPs tend to aggregation on grid surface after solvent evaporation due to 
quite strong interaction between stabilizer molecules. Further growth of gold 
nanocrystals via Ostwald ripening was realized by heating at 150-160 oC 
in mesitylene, similarly to approach reported by Shimizu et al.[167] As an 
example, TEM images of Au/mPEG350-SH particles heated for 1h and 2h are 
shown in Figure 48b (insets). NPs grow from 3.1 nm up to 6.6 nm after 1h and 
up to 7.1 nm after 2h of heating. 
Figure 48. TEM images of Au NPs synthesized in the presence of the mPEG350-SH at 
different Au/mPEG350-SH molar ratios: 1/1 (a), 1/2 (b), 1/3 (c). The insets in b show Au 
NPs after heat treatment for 1h and 2h.
Additionally to direct synthesis in presence of mPEG-SH, preparation of highly 
concentrated and stable gold colloids with improved monodispersity is also 
possible by a ligand exchange applied to “citrate” Au NPs. After the addi-
tion of mPEG-SH to the “citrate” gold colloid and overnight boiling the result-
ing solution may be concentrated simply by rotor evaporation and cleaned 
similar to above described approaches. These NPs were readily redispersed 
in water, alcohols, chloroform and toluene. As seen from Fig. 49 the Au NPs 
in the as prepared citrate solution and mPEG-SH capped Au NPs have the 
maximum peak of the surface plasmon resonance at 520 nm. The peak for 
the Au/mPEG-SH NPs is more pronounced due to the improved crystallinity 
after additional overnight boiling in presence of amphiphilic ligand. These 
Au NPs after the ligand exchange were used for immobilization on artifi cial 
membranes as described below. 
a b c
1 h
2 h
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Figure 49. Absorbance spectra of citrate gold NPs and after ligand exchange with 
mPEG-SH.
4.4. Amphiphilic behaviour of Au/mPEG-SH Nanoparticles
4.4.1. Phase transfer of amphiphilic Au NPs
The amphiphilic behaviour of Au/mPEG-SH nanoparticles has been investi-
gated in three phase system analogous to that utilized for CdTe NPs. Thus, 
the purifi ed gold NPs were dissolved in toluene and placed as the third 
component above already prepared two-phase solution consisting of chlo-
roform and water (Figure 50). After the addition of toluene solution the 
Au/mPEG350-SH particles start to transfer from organic layer to water layer 
within 1 h. After 24 h they completely accumulated inaqueous phase. The 
process of further full migration to chloroform phase needed approximately 
one week. The Au NPs stabilized by longer chain stabilizers (mPEG500-SH 
and mPEG750-SH) also showed similar amphiphilic behaviour. However, in 
accordance to results obtained for CdTe NPs the transfer rate from toluene 
to aqueous phase was slower, and that from aqueous phase to chloroform 
was faster. This fact suggests that increasing of molar mass of mPEG-SH 
enhances hydrophobic properties of nanoparticles.
Figure 50. Photographs demonstrating spontaneous tri-phase transfer of 
Au/mPEG350-SH NPs from toluene into water and subsequently into chloroform in 
the course of time.
Toluene
H2O
CHCl3
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4.4.2. Interaction of amphiphilic Au NPs with giant unilamellar vesicles
Here we present results of investigations of interaction between Au/mPEG-SH 
NPs and artifi cial lipid membranes. The interaction of Au NPs and surface of 
lipid membrane was explored by dark-fi eld microscopy method (DFM).
Amphiphilic properties of Au capped by mPEG-SH with different polymer 
chain length are very close to that for CdTe NCs mentioned in correspond-
ing chapter above: Au NPs are soluble in polar and non-polar solvents, able 
to phase transfer retaining their optical properties. 
Figure 51. Dark-fi eld microscopy image of a DOPC giant unilamellar vesicle freshly 
prepared before incubation (left) and after incubation with Au/mPEG-SH350 NPs 
(right). 
Uncharged DOPC (dioleoylphosphatidylcholine) lipid was used for vesicles 
preparation. DFM image of a vesicle prior to incubation is shown in Fig. 51 
(left). After addition of small Au/mPEG-SH nanoparticles (average size of ca. 
5 nm) small blue spots appear around a vesicle (Fig. 51 (right)). These spots 
may be detected only from Au NPs forming aggregates on the surface of 
vesicles. Indeed, the size of the single gold nanoparticles was too small to be 
seen by dark-fi eld microscope and only aggregates might become detect-
able at this measurement conditions.
To observe single particle interacting with the surface of vesicles utilization 
of bigger (>30 nm) nanoparticles is necessary. Au NPs were synthesized 
according to Ziegler seeded growth method in presence of sodium citrate 
and ascorbic acid allowing to reach an average nanoparticle size of 
about 30 nm.[149] The mPEG350-SH was used as an agent for ligand 
exchange. After the ligand exchange Au NPs were readily redispersible 
in water and non-polar solvents such as toluene and chloroform. These 
bigger Au/mPEG-SH NPs were used in vesicles to observe their interaction 
with membrane surface and/or possible penetration into the vesicle bubble. 
+Au/mPEG-SH 
NPs
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Original not treated with mPEG-SH nanoparticles were used as reference. 
No specifi c binding or interactions with vesicles have been observed for 
these reference NPs.
The Au/mPEG-SH nanoparticles were injected to the solution with the sus-
pended vesicles and analyzed by DFM. Some of the vesicles burst after injec-
tion of NPs presumably due to osmotic pressure. The binding of Au/mPEG-SH 
scattering particles to the surface of neutral DOPC vesicles is evidenced 
from Figures 52 a, b. It has been seen that in some cases (Fig. 52c) it could 
be possible that a gold particle has entered a vesicle.
Figure 52. Dark-fi eld microscopy image of a DOPC giant unilamellar vesicle freshly 
prepared before incubation (a) and after incubation with Au NPs: b. Au NPs on the 
vesicle’s surface, c. Au NPs inside the vesicle.
In another experiment negatively charged vesicles with the membrane 
from the lipid DOPS (1,2-Dioleoyl-sn-Glycero-3-{Phospho-L-Serine} sodium 
salt) were used. As is seen from fi g. 7 the Au/mPEG-SH NPs (bright scattering 
spots in the top part of the image) are not binding to the vesicles (seen as 
circles in the bottom part of the image). Thus, the amphiphilic Au/mPEG-SH 
NPs did not react with the membrane from DOPS. Presumably, it could be 
explained by the presence of citrate on the surface of nanoparticles, not 
fully replaced during the ligand exchange, resulting in electrostatic repulsion 
with negatively charged membrane.
Figure 53. DFM images of a DOPS GUVs (spherical formations) incubated with 
Au/mPEG-SH (bright spots above the GUVs).
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Conclusions to the chapters 4.3.-4.4.
A facile aqueous synthesis of the amphiphilic gold NPs stabilized by thiolated 
methoxypolyethylene glycols of different molar masses has been demon-
strated. The approach of one-pot amphiphilic Au NPs synthesis allows obtain-
ing stable high concentrated gold colloids. The Au/mPEG-SH nanocrystals are 
compatible with media of different polarity. They maintain characteristic plas-
mon band in various solvents. Variation of synthetic parameters enables con-
trol of NPs’ sizes. The synthetic method developed could be applicable for 
synthesis of other noble metal particles like palladium, platinum, and silver.
It has been shown that the amphiphilic Au NPs could be used for a vesicles 
tagging through the binding of individual nanoparticles to the lipid mem-
brane. Further investigations of bio-applicability of these NPs are foreseen.
4.5. Amphiphilic Iron Oxide nanocrystals
Iron oxide (Fe3O4) nanocrystals are important size-dependent magnetic 
material. They can be synthesized directly in water by coprecipitation of Fe3+ 
and Fe2+ containing salts or alternatively by thermal decomposition of iron 
acetylacetonate, iron carbonyl or iron carboxylates. Coprecipitation meth-
ods are not very effective because NCs obtained mainly have low crystallin-
ity and high polydispersity, they also tend to agglomeration in solution due to 
insuffi cient coverage by stabilizers.[168-170] With this respect, thermodecom-
position method is more preferable, since it provides monodisperse NCs solu-
ble in most organic solvents like chloroform, hexane, toluene, etc. [107, 171] 
They are, however, are not compatible with aqueous media. In this part of 
the work the applicability of PEG derivatives for the fabrication of water com-
patible and/or amphiphilic magnetite NPs has been investigated.
The synthesis of magnetic NCs was carried out in an oxygen-free environ-
ment which not only protects iron oxide particles from the oxidation but also 
reduces the size of the particles as compared with those grown in the pres-
ence of oxygen.[137] In order to optimize the synthesis of amphiphilic mag-
netic nanocrystals a series of experiments has been performed employing 
different approaches as described below.
In the fi rst step, organically soluble iron oxide NPs capped by oleic acid 
were synthesized (synthesis 1, Experimental Part) using the method of Park 
et al.[103] TEM images of as synthesized highly crystalline and shaped NCs 
are shown in Fig. 54. Ligand exchanges with mPEG-SH aiming at a prepa-
ration of the stable amphiphilic magnetic NPs were performed after the 
synthesis. It was found that thiolated mPEG derivative was not effective for 
phase transfer of magnetite NPs. NPs treated by mPEG-SH can be solved in 
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toluene, however the further transfer from toluene to water has not been 
observed as it was realized for the amphiphilic CdTe and Au nanocrystals 
(see above). The ineffi cient stabilization of iron-oxide-based NPs by thiolated 
mPEG may be explained in terms of binding energies (Fe-S ΔHf 298 =339 
kJ/mol, Fe-O ΔHf 298 =409 kJ/mol).[172] At the same time, according to litera-
ture data [173, 174] carboxyl group is able for strong binding to Fe3O4 NPs 
with one or two oxygen atoms interacting with the metal on the surface.
Figure 54. TEM overview of the magnetite nanoparticles synthesized according to 
Park et al.[103]
Therefore, in the second step (Synthesis 2, Experimental Part) we attempted 
to synthesize amphiphilic magnetite NPs directly in the presence of mPEG 
functionalized with carboxylic group. The synthesis of monodisperse mag-
netite nanoparticles with an average size range of 10-15 nm was performed 
through the thermal decomosition of Fe(acac)3, based on the approach 
developed by Sun et al. [104, 106]. In this case oleic acid originally used as 
one of the stabilizers was replaced by mPEG350-COOH (Figure 55).
Figure 55. Reaction conditions and TEM image of magnetic NPs from the synthesis 2.
R-NH2 = oleylamine (CH3(CH2)7-CH=CH-(CH2)8-NH2).
Fe(acac)3 + mPEG350-COOH + R-NH2
Ph2O, 315
oC,
refl uxing
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As illustrated in Figure 55, decomposition of Fe(acac)3 in the presence of 
surfactants (oleylamine and mPEG-COOH) at high temperature in diphenyl 
ether leads to monodisperse Fe3O4 nanoparticles, which can be easily iso-
lated from reaction by-products and the solvent. Unfortunately, also in this 
case the fi nal magnetite nanoparticles were dispersable only in nonpolar 
solvents. This implied that further search for more hydrophilic and simultane-
ously effi cient stabilization was necessary.
Therefore in the next step diphenyl ether used as a solvent was replaced 
by mPEG-OH and long chained oleylamine was replaced by shorter 
dodecylamine. Two various mPEG-COOH with different polymer chain 
length, namely mPEG350-COOH and mPEG750-COOH, were used as 
amphiphilic stabilizers (synthesis 3 a, b). TEM images of the mPEG750-COOH 
stabilized NPs are depicted in Figure 56. The nanoparticles possess high crys-
tallinity and their average size is of 8-10 nm.
Figure 56. TEM images of magnetite NPs synthesized with mPEG-COOH750.
As is seen from Table 2, using mPEG-OH as a media and mPEG-COOH (inde-
pendent on the chain length) in combination with dodecylamine as a sta-
bilizer we achieved versatile solubility of the obtained particles, i.e. after 
being precipitated and washed they can be solved in various polar (includ-
ing water) and nonpolar solvents. Unfortunately, they are still not able for 
spontaneous transfer through the interface from nonpolar (e.g. toluene) to 
polar (water) solvents.
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Table 2. Solubility of the as-prepared Fe3O4/mPEG350COOH and
Fe3O4/mPEG750COOH NCs in different solvents.
In the next step we further simplifi ed synthetic system consisting of iron acety-
lacetonate dissolved only in mPEG-OH (Synthesis 4, Experimental Part). As is 
seen from TEM images presented in Figure 57, 5-10 nm particles are formed 
by thermal decomposition. Similar to the case described above, these NPs 
also exhibit versatile solubility, but not able for spontaneous phase transfer. It 
may be also noted, that these magnetite NPs have formed on ring-like struc-
tures on the substrates. Similar structures were observed from self-assemblies 
of hexadecylamine-stabilized magnetic CoPt3 NPs [175]. The reason for this 
ring formation is in two important effects: contact line pinning and the rela-
tive importance of evaporation at the edge of the droplet.
Solvent Hex THF Acetone MeOH CHCl3 toluene DMF DMSO H2O
Solubility - + + + + + + + +
Figure 57. TEM images of magnetic NPs from the synthesis 4 (only mPEG350 as 
solvent and stabilizer).
As a fi nal step in the optimization of the magnetite synthesis iron acetylace-
tonate dissolved in mPEG-OH was decomposed in presence of mPEG750-SH 
as stabilizer. Figure 58 shows the TEM images of thus synthesized magnetite 
nanoparticles. The formed NPs are crystalline (as it seen from HRTEM image), 
but not so well-shaped as those shown in fi gure 54. 
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Figure 58. TEM images of magnetic NPs from the synthesis 5.
The crystal structure of the mPEG-COOH750-capped amphiphilic Fe3O4 NPs 
was examined by powder X-ray diffraction (Figure 59). The position and rela-
tive intensity of all diffraction peaks at 30.2, 35.6, 43.2, 53.7, 57.23 and 62.74 
can be assigned to (220), (311), (400), (422) and (511), respectively, which 
match well with those of magnetite (JCPDS card 19-0629).
Figure 59. XRD pattern of amphiphilic Fe3O4 NCs prepared by thermolysis in 
mPEG-OH (synthesis 5). Red - standard refl exes of bulk Fe3O4.
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Conclusions to the chapter 4.5.
A straightforward one-pot method for obtaining amphiphilic iron oxide 
NPs covalently covered by monocarboxyl-terminated polyethylene glycol is 
reported. The nanocrystals synthesized can be completely transferred from 
toluene into water without any loss. In the one pot synthesis developed, mPEG 
derivatives were used as a solvent and as a surfactant. The whole process is 
simple, inexpensive and benefi cial for large-scale production (due to wide 
availability of the precursors). It also eliminates the multi-step solution (buffer) 
exchange and purifi cation. 
Thus obtained magnetite nanoparticles have shown their ability for sponta-
neous phase transfer in the two layer (toluene-water) solvents system (Fig. 60). 
The NPs can be readily dispersed in various solvents (including H2O) without 
additional surface modifi cation. Magnetic properties of the Fe3O4 NPs were 
evaluated by the magnet attraction effect (Figure 60, right). Their attraction 
to the magnet confi rms, that the NPs have achieved a minimal magnetic 
domain size, which is reported to be in the range of 4-18 nm for Fe3O4 at room 
temperature.[176] 
Figure 60. Spontaneous phase transfer of mPEG-COOH750-capped amphiphilic 
Fe3O4 NPs (from synthesis 5) from toluene (upper phase) to water (bottom phase); 
right image demonstrates also magnetic attraction of the NPs transferred in water.
start 20 min 1.5 h 15 h 15 h + magnet
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SUMMARY
This dissertation was focused on the preparation of different polyethyleneg-
lycole-based stabilizers as well as on the development of novel synthetic 
approaches for obtaining colloidal semiconductor, metal and metal oxide 
nanocrystals. It has been proved that the proper design and the tuning of the 
ligand structure (thiolation or carboxylation) of polyethyleneglycol impart 
amphiphilic properties to the nanocrystals.
The synthesis of semiconductor CdTe nanocrystals was possible in different 
solvents (water, polar and nonpolar organics) resulting in QDs emitting at 
540-640 nm with photoluminescence quantum yield reaching 30%. The abil-
ity of amphiphilic nanoparticles to spontaneous phase-transfer between 
solvents of different polarity makes them promising tagging object for bio-
applications. For example, the permeation of amphiphilic luminescent CdTe 
nanocrystals through the lipid bi-layers of giant unilamellar vesicles achieved 
in the present work confi rms the applicability of these nanocrystals for labe-
ling and tracking whole cells and/or intracellular processes.
A facile, one-pot, one-phase (aqueous) approach to the synthesis of 
amphiphilic Au nanoparticles is developed. This approach allows obtaining 
stable high concentrated gold colloids compatible with media of different 
polarity. The synthetic method developed has a general nature and, thus, it 
could be applied also for synthesis of other noble metal nanoparticles, which 
may be a topic of further research in this fi eld. The amphiphilic Au nanopar-
ticles show an ability to tag vesicles through the selective binding to the lipid 
membrane. 
Amphiphilic magnetite NPs were also obtained by one-pot synthesis. In this 
case effi cient stabilization and amphiphilic properties were achieved by 
application of specially designed polyethyleneglycole stabilizer, possessing 
functional carboxylic group. Magnetite nanoparticles synthesized can be 
completely transferred from the organic solvents into water without any 
losses. The magnetic properties of the nanoparticles retain in various solvents. 
Using a simple compound as stabilizer as well as a reaction media makes 
the synthesis of this important type of magnetic nanoparticles very attractive 
and promising for upscaling. 
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